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CLOSED  LOOP  CONCEPT 


7.1  INTRODUCTION 

Complex  fluid  components,  such  as  hydraulic  servo- 
actuators  and  propellant  tank  pressure  regulators,  are 
small-scale  control  systems.  Thus,  they  are  dynamic 
systems  in  which  a  fast  response  to  a  change  in  input 
or  demand  is  'squired.  In  addition,  the  units  must 
be  inherently  stable  in  operation.  The  dynamic  prob¬ 
lems  which  are  experienced  in  a  complex  fluid  com¬ 
ponent  can  be  divided  into  two  groups: 

1)  Dynamic  performance— the  problems  involved  in 
obtaining  the  required  response  rate  and  stability  in 
the  unit. 

2)  The  effects  of  vibration  and  shock  on  the  dynamic 
perf on  nance  and  structural  integrity  of  the  unit. 

The  following  sub -sections  of  this  handbook  deal 
with  the  dynamic  problems  in  fluid  components.  Sub- 
Section  7.2  gives  a  general  outline  of  control  system 
theory;  Sub-Section  7.3  gives  a  similar  outline  of 
vibration  theory;  and  Sub-Section  7.4;  covers  dy¬ 
namic  performance  analysis,  which  illustrates  how 
tiie  theory  of  Sub-Section  7.2  is  applied  to  the  design 
and  performance  analysis  of  fluid  components. 

7.2  CONTROL  SYSTEM  THEORY 

Sub-Section  7.2  consists  of  seven  sub-topics,  re¬ 
printed  from  Machine  Design  (copyrighted  by  Pen- 
ton  Publishing  Company)  with  permission  of  the 
publisher.  These  sub-topics  originally  appeared  in 
Machine  Design  as  seven  articles  (References  1-272, 
1-273,  1-274,  1-275,  1-276,  1-277,  1-278)  in  an 
eighteen -part  aeries  written  by  J.  M.  Nightingale.  The 
aeries  was  subsequently  reprinted  by  the  Fenton  Pub¬ 
lishing  Company  in  three  volumes,  entitled  “Hydrau¬ 
lic  Servo  Fundamentals”  (References  1-128,  1-129, 
1-131) .  In  adapting  the  material  for  use  in  this  hand¬ 
book,  the  first  example  in  Sub-Topic  72.1  was  modi¬ 
fied  from  that  appearing  in  the  original  reference 
(Reference  1-272)  to  conform  with  the  handbook 
content,  and  an  example  which  appeared  in  the  ori¬ 
ginal  Machine  Design  series  at  the  end  of  article 
number  five  (Reference  1-276)  was  deleted  in  the 
handbook  adaptation.  Any  other  changes  in  the  ori¬ 
ginal  articles  consist  of  minor  additions  or  deletions 
in  order  to  conform  to  the  typographical  style  of  the 
handbook  and  do  not  affect  content. 

7.2.1  An  Introduction  to  Automate  Control 
Systems 

Accuracy,  sensitivity,  speed,  and  muscle  needed  for 
control  of  many  modem  machines  are  often  beyond 


human  capabilities.  Environmental  conditions  and 
fatigue  are  but  two  of  the  factors  which  make  human 
control  unsatisfactory  in  many  instances.  Not  only 
do  these  facts  establish  a  need  for  automatic  control 
systems,  they  lead  to  a  broad  definition.  Automatic 
control  is  the  regulation  of  some  variable— called  the 
controlled  variable— in  accordance  with  a  sequence 
of  desired  conditions  without  human  aid.  Since  con¬ 
trol  problems  occur  in  many  fields,  the  controlled 
variable  may  be  of  any  physical  nature.  Displace¬ 
ment,  speed,  pressure,  temperature,  or  voltage  are  but 
a  few  possibilities. 

CVo Bed -Loop  Concept.  Control  mechanisms,  too,  may  be 
susceptible  to  certain  almost  human  weaknesses,  these 
must,  of  course,  be  eliminated  from  a  successful  con¬ 
trol  system  by  proper  design.  To  illustrate  some  of  the 
weaknesses  and  how  they  may  be  overcome,  the  prob¬ 
lem  of  regulating  the  rotational  speed  of  a  turbine- 
driven  pump  win  be  considered.  Turbopumps  are 
used  in  many  liquid  rocket  engines  to  deliver  pro¬ 
pellants  to  the  engine  thrust  chamber.  Figure  1(a) 
illustrates  a  layout  of  a  turbopump  for  a  monopro- 
pel!«uit  engine.  The  centrifugal  pump  draws  the  liquid 
monopropellant  from  a  tank  at  low  pressure  and 
pumps  it  to  the  thrust  chamber  at  high  pressure.  The 
pump  is  driven  through  a  gear  box  by  a  turbine.  The 
operating  fluid  in  the  turbine  is  a  gas  which  is  pop- 
plied  at  high  pressure  by  a  gas  generator.  The  flow 
rate  from  the  gas  generator  is  controlled  by  a  valve. 
The  gas  flow  rate  sets  the  turbopump  speed,  which 
sets  the  flow  rate  of  the  propellant  being  pumped. 

In  constant  thrust  rocket  engines,  ii  is  necessary  to 
maintain  the  propellant  flow  rate,  and  thus  the  pump 
speed,  at  a  constant  level.  The  implest  method  of 
achieving  this  is  to  use  a  valve  with  a  fixed  setting 
in  the  location  shown  in  Figure  1(a).  The  valve  set¬ 
ting  is  calibrated  to  provide  a  gas  flow  rate  which 
gives  the  required  turbopump  speed.  This  system 
will  give  a  fairly  constant  speed  only  if  propellant 
temperature  and  pressure,  gas  generator  efficiency, 
and  other  possible  variables  remain  within  tolerable 
limits,  since  the  valve  is  pre-set  for  only  one  set  of 
operating  conditions. 

Greater  accuracy  in  speed  regulation  can  be  obtained 
by  adding  a  governor  or  speed  regulator  to  the  sys¬ 
tem,  as  shown  in  Figure  1  (b) .  In  this  case,  the  valve 
referred  to  above  becomes  a  controllable  throttle 
valve.  The  regulator  senses  the  pump  speed,  compares 
it  with  the  required  value,  and  makes  a  correction  to 
the  throttle  valve  setting  if  necessary.  If  the  speed 
sensed  is  too  low,  for  example,  the  regulator  opens 
the  valve  to  increase  speed  and  vice  versa.  With  this 
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method,  changes  in  speed  due  to  changes  in  gaa  and 
propellant  conditions  are  readily  corrected  for,  bo 
that  a  virtually  constant  speed  is  mainteitwd 

Figure  1(b)  is  an  example  of  a  closed-loop  control 
system,  which  may  be  formally  defined  as  a  system 
in  which  the  true  state  of  the  controlled  variable  (the 
output)  is  continuously  compared  with  the  desired 
state  (the  input) ,  and  a  signal  depending  on  the  dif¬ 
ference  between  the  two  (the  error)  operates  a  con¬ 
trolling  clement  which  then  acts  on  the  rest  of  the 
system  to  reduce  the  error  to  zero.  Almost  all  prac¬ 
tical,  sensitive,  control  systems  are  baaed  on  this 
closed-loop  principle. 

Mention  should  be  made  of  toe  difference  between 


an  automatic  control  system  and  a  manual  system. 
Figure  1(b),  in  which  speed  regulation  is  obtained 
by  having  an  automatic  governor  or  regulator  in  the 
control  loop,  is  an  automatic  system.  A  human  opera¬ 
tor,  however,  could  theoretically  take  the  place  of 
the  regulator.  He  would  read  the  pump  speed  on  a 
tachometer  and  would  then  adjust  the  gas  valve  set¬ 
ting  by  hand  to  obtain  the  correct  speed.  Such  a 
system  would  be  a  manual  control  system.  *11118  sys¬ 
tem,  like  the  automatic,  is  a  closed-loop  system.  The 
manual  system,  however,  would  have  limitations  due 
to  the  response  and  fatigue  characteristics  of  the 
human  operator. 

Automatic  control  systems  of  the  closed-loop  type 
are  usually  classified  as  either  servo  systems  or  regu¬ 
lators.  The  difference  between  the  two  is  primarily 
a  matter  of  application.  In  Bervo  systems,  input  vsries 
continuously  and  often  arbitrarily,  ana  the  purpose 
of  the  system  is  to  follow  the  input  closely,  as  illus¬ 
trated  in  Figure  2.  In  a  regulator,  the  input  ,y<  constant 
for  relatively  long  periods  of  time,  and  the  purpose  of 
the  system  is  to  maintain  constant  output  d«>pite 
fluctuations  in  power  supply  or  external  load. 


Figure  2.  One  of  the  primary  purposes  of  a  sereo  system 
H  to  vary  output  to  ciam&i  foflow  a  varying 
input  to  the  syrten. 


Serro  syet^vt*.  All  closed-loop  control  systems  with 
pwrer  amplification  around  the  loop  are  usually  re¬ 
ferred  to  as  servo  systems  or  servos.  The  term  aervo- 
mechanian  is  reserved  for  those  servo  systems  having 
a  mechanical  output,  further  subclassification  of 
servomechanisms  is  based  upon  the  classification  of 
the  output  means.  For  example,  a  hydraulic  servo¬ 
mechanism  uses  a  rotary  hydraulic  motor  or  a  hydrau¬ 
lic  cylinder  as  the  output  device.  However,  certain 
electrical  or  electronic  devices  might  be  used  in  a 
hydraulic  servomechanism. 
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Some  examples  of  servomechanism  applications  are 
power  steering  of  vehicles,  auto-pilots  for  aircraft  and 
missiles  (including  power  controls  for  operating  sur¬ 
faces),  machine  tracing  tools,  automatic  tracking 
radar,  and  remote  gun  control  systems. 

A  hydraulic  servomechanism  for  controlling  angular 
displacement  of  a  shaft  (Figure  3)  illustrates  the 
components  of  a  typical  servomechanism.  Addition¬ 
ally,  the  circuit  illustrates  two  important  functions 
of  a  servomechanism:  (1)  remote  control  (usually 
of  position),  and  (2)  power  amplification.  Either  may 
be  the  predominant  requirement  of  a  particular  sys¬ 
tem,  but  often  both  are  required  to  some  extent.  Here 
the  error  signal  ultimately  controls  the  output  dis¬ 
placement  by  varying  the  speed  of  a  final  drive  motor 
or  servomotor.  In  this  case,  power  supply  for  the 
servomotor  is  a  rotary  hydraulic  pump.  Power  flow 
is  metered  by  a  controlling  element,  such  as  hydraulic 
slide  valve  or  servo  valve.  Since  the  power  needed  to 
operate  the  valve  is  negligibly  small  compared  with 
that  metered  to  the  servomotor,  the  slide  valve  acts 
as  a  power  amplifier. 

Although  the  input  is  defined  as  the  desired  state  of 
the  controlled  variable,  which  is  an  angular  displace¬ 
ment  in  this  example,  the  commanding  signal  is  a 
voltage.  The  device  supplying  this  information  is 
called  the  input  element.  Thus,  a  measure  of  the  out¬ 
put  displacement  has  to  be  obtained  as  a  voltage 
for  comparison  with  the  command  signal.  This  is 
achieved  by  a  potentiometer  measuring  device,  and 
it  is  the  constant  of  this  measuring  device  which 
relates  the  input  to  the  command  signal.  In  this  sys¬ 


tem,  a  measure  of  the  error  can  be  obtained  as  a 
voltage  by  simply  subtracting  the  output  voltage  from 
the  command  signal  in  the  electronic  amplifier.  In 
some  systems,  however,  some  form  of  comparator  or 
differential  must  be  used  ( Figure  4). 


Figure  4.  In  some  servomechanisms  a  comparator  or 
mechanical  differential  must  be  used  to  add 
or  subtract  the  feed  bade  signal  from  the  input 
or  command  signal. 

Since  the  output  signal  can  be  transmitted  by  wires, 
the  input  and  output  stations  can  be  quite  remote  in 
a  mechanical  sense,  provided  the  output  signal  volt¬ 
age  does  not  deteriorate  during  transmission.  Systems 
for  transmitting  signals  from  one  place  to  another  are 
called  data  transmission  systems.  Often  in  mechanical 
systems,  rods  and  cables  must  be  used  to  transmit 
the  feedback  signal.  In  this  case,  even  with  gears  and 
levers  the  remoteness  of  the  output  station  is  limited. 


Figure  3.  A  hydraufic 

typical  servomechanism. 


for  position  contra*  Illustrates  the  components  of  *i 


ISSUED:  MAY  1961 


7.2.1  -3 


REGULATORS 
CONTROL  THEORY 


DYNAMIC  ANALYSIS 


;/ 

'KJ' 


Figure  S.  A  block  diagram  of  the  servomechanism  shown  in  Figure  3  illustrates  the  general 
terminology  used  for  servo  system  components. 


Devices  concerned  with  the  measurement  of  the  out¬ 
put  and  the  transmission  of  a  signal  back  to  the  dif¬ 
ferential  are  generally  called  feedback  elements. 
Since  the  accuracy  of  the  whole  system  depends 
upon  accuracy  of  the  signal  arriving  at  the  differen¬ 
tial.  feedback  elements  must  be  linear,  accurate,  and 
lightly  loaded. 

Components  of  the  typical  system  not  yet  discussed 
are  the  electronic  amplifier  and  the  solenoid.  The 
purpose  of  the  amplifier  is  to  raise  the  power  level 
of  the  error  signal.  The  solenoid  operates  the  slide 
valve.  Such  elements  are  called  preamplifiers  or  signal 
amplifiers,  and  transducers,  respectively. 

Using  the  general  terms  established  for  the  specific 
elements  of  this  typical  servomechanism,  a  block  dia¬ 
gram  (Figure  5)  showing  at  least  the  basic  elements 
of  nearly  all  servomechanisms  can  be  constructed.  In 
specific  servomechanisms,  some  of  the  elements  shown 
may  not  be  p-esent,  while  other  subsidiary  elements 
might  be  included.  Sometimes  two  or  more  elements 
perform  one  of  the  functions  described,  and  some¬ 
times  two  or  more  functions  are  performed  by  a  single 
element.  Frequently  the  feedback  path  is  purely  vir¬ 
tual;  that  is,  the  input  and  output  are  directly  com¬ 
pared,  no  feedback  elements  or  differential  being 
necessary  ( Figure  6) . 

Regulators.  Typical  aerospace  applications  of  auto¬ 
matic  control  systems  as  regulators  are  found  in  the 
regulation  of  pressure  in  a  mi&sile  propellant  tank 
and  in  the  control  of  thrust  level  in  a  constant-thrust 
rocket  engine.  In  these  cases,  the  objective  is  to  main¬ 
tain  the  controlled  variable  at  a  steady  value  over 
a  period  of  time.  Pressure  regulators  are  described 
ir.  detail  in  Sub-Section  5.4  of  this  handbook.  An 
analysis  of  the  dynamic  performance  of  a  pressure 
regulator  or  reducer  is  given  in  Sub-Topic  7.4.8.  The 
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Figure  6.  A  feedback  path  may  be  purely  virtual.  In  this 
hydraulic  servomechanism,  for  example,  the 
floating  valve  directly  tenses  and  corrects  the 
error. 

regulation  of  thrust  in  a  liquid  rocket  engine  was 
discussed  previously  in  the  present  section.  Figure  7 
gives  the  block  diagram  of  the  pump  speed  regulation 
system  of  Figure  1(b).  This  diagram  is  similar  in 
principle  to  Figure  5,  the  block  diagram  of  a  servo¬ 
mechanism. 

Control  Theory:  All  types  of  servos  can  be 
treated  by  control  theory,  subject  to  certain  math¬ 
ematical  limitations.  At  first,  however,  only  a 
simple  system  in  which  an  input  fl,  causes  an  out¬ 
put  0„  will  be  considered. 

First  the  effect  of  closed-loop  operation  on  the 
static  accuracy  of  control  will  be  demonstrated  by 
comparing  it  with  open-loop  control.  In  the  simple 
open-loop  system.  Fig.  8  ,  rt  is  assumed  that  the 
application  of  a  constant  input  0,-  will  lead  ulti¬ 
mately  to  a  steady  output  0„,  or 

=  A  e,  (1) 
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Figure  7.  Block  Stagram  itrf  T ufbcpump  Speed 
Regulating  System 
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Figure  fi.  The  simple  opemtoop  control  system  repre- 
■sertled  by  tHS*  Mock  (diagram  Is  too  •sensitive  to 
changesilniloaajiWipmiwraupplyto'sertfe -satis¬ 
factorily  iln  many  ihttuiatridl  control  applications. 


figure  <9.  AclnsedtoopcorttTUI-syalgmrrf She  type  repre- 
nerttad  toy  tth  is  Stock  (diagram  (Offers  much  more 
^wotrew.  icontrrt  tthan  an  open-loop  system. 
toWfyala  art  tllto  system  dhoimtodtifaancutaiy 
depends  upon  senSKbffiy  (iff  the  controller  as 
wellastheaccuracydTfhe  feedback  dlemsrtts. 


where  A  depends  on  the  system  components.  Al¬ 
though  it  woiild  be  convenient  for  A  to  be  con¬ 
stant,  thiB  is  impossible  because  of  fluctuations 
iln  the  power  supply  and  load.  As  a  result  of 
such  fluctuation  assume  that  A  increases  by  some 
small  amount «. 

If  the  new  steady-state  is  60  then 
=  IA  +  a)  »i 

and  the  fractional  change  in  output  is 
g  -  ~  e°  =  _JL. 

«0  A 

Thus  8  gives  a  Simple  measure  of  the  inaccuracy 
o ft  the  system.  If  a/A  =  0.1,  the  output  has  the 
:same  fractional  error.  .Such  an  error  would  be 
quite  unsuitable  in  industrial  controls. 

If  a  closed-loop  system,  Fig.  9  ,  were  sensitive 
to  the  same  error,  then 


(2) 


(3) 


#0  =  Ae 


(4) 


Where 
■e  —  —  Bc 

By  eliminating  e  from  Equations  4  and  5 

_  ABi  _  Bj  _ 

''  11 +"  (-T) 


(5) 

(6) 


If  A  is  very  large,  say  A  =  100,  the  output  will 
veiy  neatly  equal  the  input.  When  A  increases  by 
an  amount  a  as  before,  the  fractional  change  in 
output  is 

t  =  - - - )  (7) 

A  \  1+A  + a  J 


Substitution  of  a/A  =  0.1  as  before,  and  A  = 
100  in  Equation  1,  ShowB  that  the  fractional 
change  iin  the  output  is  now  only  0;001.  This  is 
a  marked  improvement  upon  the  open-loop  system. 
Making  A  large  implies  using  a  very  sensitive 
(controller. 

Wow  the  effect  of  feedback  elements  on  closed- 
loop  systems  will  be  considered.  Suppose  the  signal 
fed  'back  to  the  differential  is  B80,  where  B  is 
ideally  liO.  Then  Equation  5  becomes 

■e  =  »■  ~  SB,  (8) 

and  from  Equations  4  and  8 


A 

1  +  AS 


(9) 
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If  B  now  changes  by  some  small  amount  b,  hen 
the  fractional  change  in  the  output  is 

r  Ab  1 

a  —  (10) 

L  1  +  A{8  +  b)  j 

If  A  -  100  as  before,  and  b/B  —  0.1,  then  S  = 
0.1;  furthermore  this  inaccuracy  increases  if  A 
is  increased.  In  other  words  the  accuracy  of  a 
closed-loop  control  system  is  of  the  same  order 
as  the  accuracy  jjf  the  feedback  elements,  no  mat¬ 
ter  how  rensitive  the  controller.  This  is  a  very 
important  point. 

This  analysis  has  been  q  lalitative  rather  than 
quantitative.  In  practice  the  characteristics  of  sys¬ 
tem  components  can  rarely  be  represented  by 
constants  such  as  A  and  B.  One  reason  is  that 
power  amplification  is  always  accompanied  by  time 
lags,  and  so  a  detailed  analysis  of  servos  must 
be  based  the  differential  equations  of  motion 
which  relate  their  input  and  output.  From  this 
analysis  stem  the  standard  techniques  which  make 
up  control  theory. 

Rasic  theoretical  techniques  apply  to  those 
servos  which  ore  both  continuous  and  linear,  that 
is,  systems  in  which  the  error  is  measured  con¬ 
tinuously  and  acts  on  the  controlling  element  in 
-  proportional  manner. 

There  are,  however,  two  widely  used  types  of 
discontinuous  scrv  on-off  and  sampling  servos. 
On  off  servos  are  also  known  as  relay  or  bang-bang 
servos  Here  the  error  must  reach  a  certain  mag¬ 
nitude  before  it  acU  on  tue  controller.  Then  full 
power  is  appl:«d  to  the  servomotor  through  a 
swittb  or  relay.  There  is  a  dead  spot  in  the  con¬ 
trol  for  small  errors,  within  which  the  system 
tan  wander.  The  magnitude  of  the  dead  spot  is 
usually  critical  to  the  stability.  Sampling  servos 
are  also  called  pulsed  data  and  definite  cor¬ 
rection  servos,  lleve  a  measure  of  the  ei.or  is 
obtained  a  .  r’:scr,.te  intervals  of  time  aud  the 
control  acts  in  a  series  of  finite  step 

AH  servos  are  nonlinear  to  some  extent,  but 
very  often  a  good  approximation  can  be  obtained 
by  assuming  linearity.  The  justification  for  the 
asaumoticn  iies  in  the  accuracy  of  the  predicted 
results. 

7.2.2  A  Basic  Outline  of  Servo  Mathematics 

A  comprehensive  investigation  of  control  sys¬ 
tem  performance  requites  a  knowledge  of  certain 
mathematical  techniques,  based  on  differential 
equation  analysis.  These  techniques  are  summa¬ 
rise''  in  the  present  articl'.  Space  limitations  pre¬ 
sent  a  rigorous  treatment. 


Inpat-Oatput  Relationships:  A  servo  system  can 
be  represented  as  a  sequence  of  elements  in  a  block 
diagram.  Each  element  haa  an  input  and  an  out¬ 
put.  Thus,  in  Fig.  1  *(i)  is  the  input,  and  y(t) 
is  the  output.  If  the  relationship  between  then,  of 
the  form  y  =  ter  then  r*  any  time  the  relation¬ 
ship  between  *  and  y  can  be  represented  an  a 
straight  line,  Fig.  2a.  This  is  called  a  linear  re¬ 
lationship,  whereas  y  =  kx*  is  a  nonlinear  re¬ 
lationship.  Here  the  relationship  g,vee  a  curved 
graph,  Fig.  26. 

Linear  or  proportion:1 1  relations  lead  to  differ¬ 
ential  equations  which  can  be  handled  in  a 
methodical  and  often  simple  manner.  On  the  other 
hand  nonlinear  relationships  lead  to  equations 
which  are  difficulty  if  not.  impossible  to  solve.  The 
general  theory  of  control  deals  with  linear  sys¬ 
tems.  No  general  method  of  approach  exists  for 
nonlinear  servos,  although  considerable  attention  is 
being  given  to  certain  types  of  nonlinear  systems. 

In  general  an  element  having  an  input  x(t) 
and  an  output  y(t),  both  varying  with  time  t, 


Figure  1.  Any  servo  element  may  be  represented  by  s  box 
having  an  Input,  x(t),  and  output  y(t). 


r 


(6)  / 


Figure  ?.  Relationship  of  input  and  output  of  a  servo 
element  may  be  linear,  a,  or  non-linear,  b. 
General  servo  theory  deals  with  linear  systems. 
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will  be  related  by  an  equation  Involving  their 
derivatives  as  well  as  x  end  y  thc  .iaelves.  Once 
again  linearity  implies  proportionality  between 
effects.  Thus  for  a  simple  mechanical  netwoi  t. 
Pig.  3, 

d*y  dy  dx 

tn -  +  / - +  ky  =  / - +  kx  ( 1 ) 

dt*  dt  dt 

This  is  a  linear  differential  equation  with  constant 
coefficients. 


Deahpet,  f 


Figure  3.  In  this  simple  mechanical  network  the  output 
for  a  given  input  depends  upon  mass  m,  damp¬ 
ing  f,  and  spring  constant  fc. 


For  any  given  input,  the  output  will  depend  only 
on  the  coefficients,  such  a am,  /  and  k  in  Equa¬ 
tion  1.  Thus  the  element  can  be  thought  of  as 
operating  on  the  input  to  give  the  output.  Servo 
elements  are  therefore  similar  to  the  filters  of  the 
communications  engineer,  and  are  sometimes  given 
the  same  name.  They  are  also  called  transfer  ele¬ 
ments. 

The  general  relation  between  the  input  and 
output  of  a  linear  element  can  be  written  in  the 
form 

(a „  D*  +  a,-i  D"-1  +  .  .  .  +  a,  D  -1-  ao)  y 

~  Om  l/m  +  .  .  .  t  ii|  C  t  bo)  x  (2) 

where  D  is  a  shorthand  notation  for  d/dt  and 
where  the  a  and  b  factors  are  all  constant. 

Any  element  governed  by  such  an  equation  is 
said  to  be  linear.  One  important  property  of  such 
elements  is  that  if  on  input  x1  causes  an  output 
yx,  and  input  x,  causes  an  output  yt,  then  an 
input  (ex*!  +  c,Xa)  causes  an  output  (c^j  + 
c&t),  where  ct  and  cs  are  constants. 

This  is  known  as  linear  superposition.  It  is 
sometimes  given  as  the  definition  of  a  linear  sys¬ 
tem,  but  since  it  holds  good  even  if  the  constants 
are  functions  of  time,  it  is  not  sufficiently  pre- 
c  je  in  this  instance. 

A  satisfactory  definition  of  a  linear  system  is 
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that  it  ia  one  whkb  under  steady  conditions  gives 
a  sinusoidal  output  for  a  sinusoidal  input  of  the 
ftsurae  period.  Although  this  is  not  a  mathemati¬ 
cally  precise  definition,  it  permits  treating  certain 
nonlinear  elements  as  linear  ones  when  a  sinu¬ 
soidal  input  causes  an  output  which,  alt!  uugh 
not  sinusoidal,  is  periodic  and  of  the  same  fre¬ 
quency  as  the  input.  Then  only  the  first  harmonic 
of  the  output  is  considered.  The  justification  for 
this  lies  only  in  the  accuracy  of  the  results  it  yields. 

If  the  input  x(t)  is  known,  then  the  right-hand 
side  of  Equation  2  is  a  known  function  of  time, 
say  f(t).  Then  the  output  cun  be  obtained  by 
(solving 

(a, D*  +  ...  +  aiD  +  ao)  y  ~  lit)  (3) 

To  do  this  either  the  so-called  classical  or  opera¬ 
tional  methods  of  differential  equation  analysis 
may  be  used.  Of  thece  the  latter  is  quicker  end 
far  more  suited  to  servo  work. 


Nomencte^ure 

A,  =  Residues  of  partial  fraction  expansion  of 
Yc  8) 

a,  6,  c  =  Constants 

D  —  Differential  operator,  d/dt 
e,  —  Steady-state  position  error 
_  /  “  Damping  constant  of  mechanical  system 
/(»)  =  Laplace  transformation  of  /(f) 
fit)  ~  Arbitrary  function  of  time 
hn  —  Roots  of  characteristic  equation 
j  ~  Square  root  of  —1 
K  —  Scalar  gain  constant 
fc  =  Spring  constant  of  mechanical  system 
m  =  Mass  constant,  of  mechanical  system 
r  =  Order  of  servo 
s  =  Laplace  operator 

m  —  mi _ _  _ _  * 

A  A  U1IC 

T*  =  Buildup  time 
Td  =  Decay  time 
t  ■—  Time  variable 
U{t )  =  Unit  step  function 
W(t)  =  Weighting  function  of  servo 
x  =  Input  to  transfer  element 
Y,iju)  =  Overall  harmonic  response  function 
=  Mei* 

l,(a)  =  Overall  transfer  function  of  servj 
Y0{jw)  =  Loop  harmonic  response  function 
=  Net* 

Y (s)  —  Transfer  function  of  clement 
T„(«)  =  Loop  transfer  function  of  servo 
y  =  Output  of  transfer  element 
Ht)  =  Unit  impulse  function 
O  =  0.01  u 

w  =  Angul  ir  frequency,  rad  per  sec 
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I  «fl«w  Trunfonsatlw :  Probably  the  bast 
known  and  moat  useful  form  of  operation*]  cal¬ 
culus  la  T  aplace  transformation.  Even  in  moder¬ 
ately  expert  eneed  hands  Laplace  tranaforraa  are 
powerful  tools  for  solving  differential  equations. 
Briefly,  Laplace  transformation  turns  a  differen¬ 
tial  equation  in  which  the  variables  are  functions 
of  time,  t,  into  an  a’  tebraic  equation  in  which  the 
variables  are  funetto  t  of  a  new  \  triable,  a,  called 
the  Laplace  Operator 

Before  a  Laplace  transform  i*  defined,  two 
Auctions  which  will  be  of  interest  night  first  be 
considered : 

1.  tf»»it  Step  Function:  This  represents  a  suuden 
change  from  aero  to  one  at  time  t  —  0,  Fl£.  4a. 

In  order  for  this  function  to  be  amenable  to  the 
mathematical  rules  of  differentiation  and  in¬ 
tegration,  it  is  defined  as  the  limit  oi  a  continu¬ 
ous  function,  such  as  that  shown  dotted  In  Fig. 
4<i,  as  the  build-up  time  r  tends  to  zero.  When 
defined  in  this  way  the  function  is  called  the 
Het ~visid<  unit  step  function  C fit). 

2.  Unit  Impulse  Function:  This  is  defined  as  the 
limit  as  r  — »  0  of  the  continuous  function 
shown  dotted  in  Fig.  46.  The  function  is  con¬ 
tinuous,  equally  spaced  about  the  origin  and  Sts 
area  remains  unity  as  r  -»  0.  Defined  in  this 
way,  the  function  is  called  the  Dirac  unit  im¬ 
pulse  S  (t);  it  is  the  derivative  of  l/(t).  Terms 
lf(t  —  t0)  and  8  (t  —  t„)  are  respectively  unit 
step  and  unit  impulse  functions  at  time  t„ 

The  Laplace  transform  /(*)  of  a  function  /(f) 
ia  defined  as 

~f  (''5)  =  >4  -To  J  f(t)  e"  dt  <*> 

h 

or  as  it  is  normally  written 


t  (»> 


-  i  /  (f)  e  ••  dt 


<4o) 


Making  the  lower  limit  of  integ  ration  0-,  in¬ 
stead  of  simply  0,  insures  that  the  full  contribution 
of  any  impulae  function  at  the  origin  is  included. 

Many  textbooks  give  comprehensive  tables  of 
Laplace  transforms.  The  mere  important  ones  are 
listed  in  Table  1. 

In  servo  work,  only  functions  which  ace  zero 
for  negative  time  are  involved.  The  time  origin, 
f  1  0  is  the  time  when  an  input  is  applied  to 

the  system.  Some  extremely  useful  theorem*  for 
such  functions  are  given  in  Table  2.  In  connection 
with  these  theorems  the  following  notation  is  used: 


7  <«>  =  tfit),  t  it)  ~  f  *  /<*> 

To  Illustrate  the  application  of  the  theorems 
in  Table  2  to  the  solution  of  differential  ©quatloea, 
Theoi^..^.  1  and  2  are  first  applied  to  Equation  1 
to  give 


(nv»2  -+ fe  +  k)  y  (a)  =  (/*  t  k)  x  (1) 

and  since  this  equation  can  now  be  handled  alge¬ 
braically. 


(F»  +  k)  x  (*) 

m*3  +  F*  +  k 


(») 


Tobla  1 — Laplccc  Transforms  For  Servo  Analysis 


fin _ 7o 

U(t)  l/s 

«(t)  1 

tH .  r!/*"*1 

«•*  .  !/(•  —  a) 

sin  10  t .  «/(**  t  o*) 

cos  u  t  »/(#a  +  «*) 


'.0  U(t> 


# 

» 

1 

/ 

V 

r 

/ 

i 

1 

r— i 

TIME,  r 

<«> 


AHA  *  1 .0 


T'Mt, 


(  b) 


/ 

Figure  4.  The  unit  step  function  is  defined  as  a  sudden 
change  from  zero  to  one  at  time  t  ~  o,  a.  Mathe¬ 
matically  it  is  defined  as  the  limit  of  a  continuous 
function  such  es  that  shown  dotted  at  a.  The 
unit  impulse  function  is  the  limit,  as  r  ap¬ 
proaches  zero,  of  the  continuous  function  shown 
dotted  at  b. 


7.2.2  3 


ISSUf.D:  MAY  1964 


DYNAMIC  ANALYSIS 


LAPLACE  TRANSFORMATION 


Then  If  x(t)  is  specified,  x(s)  esn  be  obtained 
end  substitute  in  Equation  S.  The  Output  can 
then  be  obtained  as  a  function  of  time,  t,  by  in¬ 
verse  transforming  the  right  hand  side  of  Equa¬ 
tion  5.  To  do  this  a  comprehensive  table  of  trans¬ 
forms  is  very  useful.  However,  the  short  list  given 
in  Table  1  may  be  expanded  by  using  the  theorems 
in  Table  1.  As  a  simple  example 


£  («-■*  sin  wt) 


(a  -f  a)1  +  «* 


For  any  general  element,  by  transforming  Equa¬ 
tion  2, 


V  /  bmam  +■  ...  +  bi*  +  ho  \  v 

—  <«»  =  (  — - )  s  y <*) 

*  '  a*  +  c»  •  +  «o  ' 


<«> 


where  Y(s)  is  a  property  of  the  eler  nnt  or.ly  and 
is  called  its  transfer  function.  Obviously  the 
transfer  'unction  of  an  element  governed  by  a 
linear  differential  equation  is  a  rational  function 
of  a,  as  shown  in  Equation  6. 

As  long  as  it  is  realized  that  transformed  quan¬ 
tities  are  being  considered  the  x(a)  notation  can 
be  discarded  and  x(s)  or  simply  x  can  be  used. 

It  is  possible  to  represent  each  element  by  « 
simple  block  diagram.  If  two  su<  h  elements  are 
in  series,  the  output  of  the  first  being  the  input 
to  the  second.  Fig.  5a,  and  if  they  are  governed  by 
the  respective  equations. 


y  ~  Yi  x 

s  ~  Yt  y 


(7) 


Then,  since  the  equations  can  be  handled  alge¬ 
braically 

^  =  y,  v,  *  <8) 

This  shows  that  the  two  boxes  in  series  can 
be  replaced  by  a  single  box  containing  the  oper¬ 
ator  YtYt  Fig.  5b.  This  can  be  extended  to  any 
number  of  elements  in  series.  However,  this  is 
true  only  when  the  elements  do  not  interact,  that 
is,  provided  the  output  of  any  element  depends 
only  on  its  input  and  not  upon  the  output  of  the 
succeeding  elements.  This  is  only  approximately 
true  in  practice.  Serious  interaction  results  where 
the  succeeding  elements  serious! v  overload  the 
power  source  of  the  system. 

ThiB  technique  can  b  extended  to  a  servo  sys¬ 
tem  comprising  a  sequence  of  noninteracting  ele¬ 
ments  and  a  feedback  knp,  Fig.  5c.  As  shown 
here  the  system  is  a  single-loop  system.  More 


Table  2 — U*e?  I  Theorems  for  Laplace  Transforms 

Theorem  No. 

£  [a/  ( t )  f  bg  it)  )  -  a?  <«)  +  bg  (*)  1 

where  a,  b  are  constants. 


£  [e  •'  fit))  --/(*  +  a)  4 

£  [F(t  -  to),  Vit  -  to)]  -  «  •>.  F(s)  tt 

where  /  it)  —  t0)  U  f  (t)  shifted  forward  by  t0. 


If 

Cit)  =  J’/(r)dKI  -  r).i~ /„"*  <»>/(*  “  r)d 


then 

<?(«)  =  /(*)»(•) 


r  T  r  <* 

£  !  t§  f ♦  >  i  —  —  i _ 

L  '  J  £•  Am 


t  (SI  I 
*  J 


Urn  tit)  =  lim  {#/'(»)! 
t  — *  oc  a  -*  0 


provided  this  limit  exists. 


lim  /(f)  =  lim  [s/  (a)) 
t— eO-t-  *  — *  oo 

pro vi  .ed  this  hmit  exists. 

If  /  ( t )  contains  s  term  A  8  it), 

then 


A  =  Um  /  (s)  and 
8  — ►  0 

lim  /  (f)  =  lim  (s  (/(«)—  A 
*  -+  0  +  s  oo 


6 


8 


» 
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Figure  S.  Two  Mfvo  elements  in  Mriw,  a,  may  bo  considered  at  a  oinglo  element,  6,  tor 
purposes  of  anaiyala.  TWs  prlndpia  can  ba  extended  to  any  number  of  etomento 
aa  wolf  as  to  aarvo  systems  comprised  of  aavorel  ala  mania  and  a  faodbaek  logi.  c. 


complicated  muitiloop  systems  differ  only  in  de¬ 
tail  rather  than  principle. 

The  transfer  function  relating  the  output,  fv 
to  the  error,  e,  of  thia  circuit,  Fig.  5c,  to  called 
the  open-loop  or  the  loop  transfer  function.  This  to 


where  If  to  a  constant  called  the  scalar  goto  now 
stent  of  the  system.  It  to  sometimes  c  Ued  simply 
the  gain,  but  thia  may  lead  to  com  union  with 
a  similarly  named  term. 

From  Equation  11  It  follows  that 


Y.  (•)  =  (a)  r, 

c 

At  the  differential 


Yt  Y3  (9) 

we  have  the  subtraction 


r.  (a)  = 


Efts) 

Kf  («)  +  r»  («) 


(141 


This  can  be  written  In  the  more  general  form 


•  •=*,-  ».  (10) 

where  t»,  to  the  input.  Then  by  eliminating  e  from 
Equation-  9  and  10 

,'-,*'Hr(,'*(T?fr)  <u’ 

where  Ye(a)  which  relate*  the  transformed  out¬ 
put  and  input  of  the  servo  to  called  the  closed- 
loop  or  overall  transfer  function. 

Although  primary  concern  to  with  output-input 
relations,  it  to  very  convenient  '  work  with  the 
loop  transfer  function,  Yt  as  will  be  shown.  In¬ 
dividual  transfer  functions  of  servo  elements  art 
of  the  form 

K  K  K  4C(1  +  Ts) 

f  '  1  •+•  Ts  '  a  ( 1  +  Ts )  1  +  Tj  a 

K 

1  +  T,a  +  Ta*  a»‘  ’ 

and  so  on.  If  several  of  these  are  compounded  in 
the  loop  of  a  servo,  as  in  Fig.  5c,  the  loop  trans¬ 
fer  function  will  be  of  the  form 


*  /  (a) 
(a)  = - 

•’  9  («) 


(13) 


where  f  anc  g  are  finite  polynomials  in  «  which 
tend  to  1  aa  -»0.  Thus  /  and  g  are  of  the  form 


/  (a)  -  l  +  T,  a  +  T,»  o*  +  a*  +  . . . 
9  (*)  ~  X  +  (T,')«  +  (TV  )*  «*  +  ... 


1 


(13) 


r.  (a)  = 


Pis)  _  (  +  +  \ 

O  (a)  '  •»#•  +  ...  -r  •*«  +  ’ 


(W> 


Comparing  this  with  Equation  6  shows  that 
the  servo  Is  itself  a  linear  filter,  operating  on  the 
Input  to  give  the  output.  If  9,(t)  and  hence  4|(s) 
are  known,  then  the  output  d.(t)  can  ba  found 
from 


*.  (*)  =  t -»  IY,  (a)  9,  (a)) 


(14) 


Serve  Input  Fnctiew:  It  to  not  poeaible  to  gen¬ 
eralise  on  the  type  of  input  likely  to  be  encoun¬ 
tered  in  eervo  work.  Indeed  the  kinds  of  Inputs 
normally  encountered  do  not  yield  themselves  to 
analytics!  expression.  Instead,  tune  idsahacd  In¬ 
put  functions  upon  which  to  base  an  analytics) 
approach  are  choeen.  They  are: 

1.  Unit  Impulse  Function,  4(1)  :  Here  ft(e)  ~  1. 
The  output  in  this  case  to  called  the  Weighting 
Function,  W(i),  of  the  system.  From  Equation  16 

W  (t)  =  £-»  {r,  (a)]  (17) 

or 


Y,  (a)  =  £  W  (t)  U*) 

This  shows  that  the  weighting  function  to  an  Im¬ 
portant  property  of  the  servo.  From  Equations 
16  and  18  and  Theorem  6,  it  can  be  seen  that  If 
W{t)  to  known,  the  response  to  any  input  04(t) 
can  be  found  from 
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#.  <f)  =  j  «,  (»)  W(t~r)dr  (19) 

»- 

Thue  the  response  to  *  complicated  l&put  can  be 

obtained 

If  the  input  can  be  thought  of  as  a  series  of 
impulses  of  duration,  dr.  Equation  19  means  that 
as  Ar  becomes  very  small  the  system  is  unable  to 
distinguish  between  the  series  of  impulses  and 
continuous  input.  Pig.  6.  This  concept  is  very 
helpful  in  aseessing  and  improving  the  perform* 
ance  of  existing  systems,  for  if  W(t)  can  be  de¬ 
termined  experimentally,  it  Is  possible  to  calculate 
how  the  system  will  respond  to  any  input.  The 
difficulty  is  to  generate  an  impulse  of  sufficiently 
short  duration  to  approximate  a  ^-function.  Gen¬ 
erally,  if  the  duration  of  the  pulse  is  much  smaller 
than  any  natural  period  of  the  system,  very  good 
results  are  obtained. 

If  the  denominator  of  Ye(s)  is  expressed  in 
the  form 

O  (*)  =  (*  —  A,)  (t  —  Ki)  ...  (s  ~  A,)  (20) 

where  hi,  **,  .  .  are  the  roots  of  G(a)  -  0, 
called  the  characteristic  equation,  F#(»)  can  be 
split  into  partial  fractions,  thus 

V  l  m\  —  I  Au 

where  Aj,  Aj,  ,  .  .  are  the  normal  partial  fraction 
constants. 

Then  using  Table  1 

H  (*)  ~  dieV  +  At  pV  +  .  . .  +  An  o\.<  (JQ) 

It  has  been  assumed  that  the  roots  of  the  char¬ 


acteristic  equation  are  all  distinct.  If,  on  the 
other  hand,  there  are  repeated  roots  such  as 
(e-h)*,  the  weighting  function  will  contain  terms 
such  as  Btekl.  The  most  general  form  of  the 
weighting  function  is,  therefore,  written 

W  lt)  ~  22  (A  +  Bt  +  ct*  +  Dt*  +  . . .  )  <*>  (23) 

A  typical  weighting  function  of  a  linear  servo  is 
shown  in  Fig,  7. 


Typical  weighting  function  of  a  linear  servo. 


2.  Unit  Step  Function  U  ( t ):  Here  0:(s)  =  i/» 
and  from  Equation  11 


*.  (»)  = 


Y.  (*) 


From  Theorem  3,  Table  2,  it  follows  that 
1 

»,  (t)  =  J  ( t )  dt 


It  is  more  likely  that  the  response  to  a  step 
function  would  be  obtained  directly  from  Equa¬ 
tion  24.  Thus  expanding  by  partial  fractions 

(,)  =  +  _£i_  +  . . .  +  (28) 

where,  in  general, 

X.  =  r,  CO),  a'  .  =  .  i?V,r 

L  atf (*)  J 

The  general  form  of  the  output  response,  if  there 
are  repeated  roots  in  the  characteristic  equation 
is,  therefore, 


figure  «.  When  servo  input  is  s  series  of  pulses  of  short 
duration,  the  servo  is  unable  to  tfstk^uH'.  the 
pulses  from  s  continuous  function.  This  concept 
is  helpftd  in  assessing  and  Improving  system 
performance. 


t.  (t)  =  -4.37(0  + 


[  (A'  +  IT  +  C'  »*  4-  . . .  + )  e*] 
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A  typical  reepoaae  ia  shown  in  Fig.  8.  Such  a 
curve  ia  very  informative  because  it  gives  a  simple 
pictorial  representation  of  the  response  to  a  sad¬ 
den  jump  in  the  input.  Thus,  in  the  diagram, 
r,  gives  a  measure  of  the  sensitivity,  e,  gives  a 
measure  of  the  st«ady*«tate  accuracy,  and  M  and 
Tt  give  measures  of  the  stability. 


3.  Sinusoidal  Input  Function:  Output  here  la 
called  the  frequency  response.  Instead  of  a  real 
sinusoidal  input,  eg.  sin  «t,  the  complex  form  of 
a  harmonic  quantity  will  be  considered,  that  ia 

4  =  «*•'  =  (co*  tU  +  i  sin  nt)  (38) 

whero  •  ia  the  frequency  in  radians  per  second. 


Manipulation  of  Complex  Quantities 


Addition:  Two  response  functions  such  as 
Nx4*i  and  must  be  added  according 

to  the  parallelogram  law  of  vectors.  Sketch  1. 
Multiplication:  If  Net*  =  Nxtf* »  x  NJ>», 
then  -V  -  NxNt;  that  is,  moduli  are  multi¬ 
plied,  and  ^  f  a,  the  phase  angles  are 

added,  Sketch  2. 

Division:  If  Net*  =  Nxet**/NJ\  then  N  = 
hTj/hTj  and  ^  —  ft- 

To  illustrate  the  application  of  these  meth¬ 
ods,  suppose  y.(;>)  is  known  for  &  particular 
frequency.  Then  1  4-  Ym<i «*)  can  be  obtained 
by  addition.  Sketch  3a,  and  can  then 

ho  obtained  by  division  from  Equation  36.  as 
shown  in  Sketch  3 b. 

Numerical  Example;  Suppose  a  servo  has 
the  loop  transfer  function 


0.513  I  (1  +  6,060*)  (1  4-  406D*5 

n  =  |  r,  (Q)  |  = - « - — 

1  '  a  »  (1  -  4050*)*  +  0.190* 

f  =  arg  y,  (Q)  =  tan-1  (2.25  0)  4-  tan-i  (20  Q)  - 


/  0.435  O  \ 

tan  *  { - )  - 

V  1-4.5  0*  ) 


4.5  U* 

where  Q  =  O.Olto.  The  loop  response  vector 
has  been  plotted  for  these  values  in  Fig.  16. 
The  overall  transfer  function  is  given  by 

50.4  a*  4-  2490  a  +  113,000 

Y  (a)  —  - - 

a*  4-  59.6  a*  +  4690a  +  113.300 

The  denominator  can  be  factored  into  (s4- 
29.6)  (s*  +  3Gs  4-  3800).  Then  for  a  unit 
Step  input 

r.  (•)  1 


r. (a)  = 


51.3  (1  4-  0.0225  a)  (1  4-  02  a) 


a  (1  4  0.00435  a  4-  0.00045a*) 
Then  the  loop  response  function  is 

51.3  (1  4-  0.0225  /»)  (1  4-  0.2  j») 


'•<•>  =  [  . 

-I4~ 


0.71 


4- 


20.7  -  0.29  a 


Y0  (iu\  = 


(1  -  0.00045  4-  0.00435  jtt) 

Thus  the  modulus  and  phase  are  given.  To 
change  to  a  more  convenient  frequency  scale, 


a  4-  29.6  a*  +  30a  4-  3800 

Inverse  transforming  gives  the  transient  re¬ 
sponse  as 

».  (O  =  U(t )  -  0.71  «-**•**  4- 

0.4,1»«  (ata  60t  -  0.725  coa  600 
This  Is  plotted  in  Sketch  4. 
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Ftgurs  8.  Typical  output  response  to  a  clap  function  input 
snows  pictoriaMy  the  chance  in  output  corre¬ 
sponding  to  any  sudden  chance  in  input 


Figure  9.  Servo  recponce  to  pure  harmonic  input  is  sinus- 
oidai  and  of  the  same  frequency.  The  amplitude, 
however,  is  Increased  in  the  ratio  M:1  and  phase 
is  shifted  by  an  angle, 


end  j  is  the  symbolic  quantity  for  V-~i-  This  is 
a  dodge  which  greatly  simplifies  the  mathematics. 
It  is  justified  because  of  the  principle  of  Unear  su¬ 
perposition,  since  the  real  part  of  the  output  can  be 
considered  as  the  response  of  cos  ft  and  the  imagi¬ 
nary  part  as  the  response  to  sin  ft. 

From  Table  1  <?,(»)  =  !/(*->*)  and,  therefore. 


f  r.  («)  ~|  _ _ F  C) 

L  *  -  S>  -I  («  -  if)  O(s) 


<») 


This  may  be  expanded  in  partial  fractions,  giving 


•.  (*) 


h  J  »~jf 


(SO) 


The  time  variation  of  the  output  is,  therefore. 


#.  (I) 


7^  Jte*'  +  Be*"’ 


(SI) 


The  first  term,  lAet',  represents  a  transient 
which  ultimately  disappears  if  the  servo  is  stable. 
The  remainder  Be”'  is  the  atcndy-gtaic  frequency 
response.  The  value  of  B  is 

B  =  Um  { (a  -  J*)  t.  (a) )  =  Tt  ( S»)  (33) 

B—*jf 

7t  (jf)  is  the  overall  harmonic  response  function. 
It  is  obtained  simply  by  substituting  jf  for  c 
in  Vr(»).  Thus  the  steady-state  response  to  a  com¬ 
plex  harmonic  input  of  frequency  «  is 

#.  it)  =  y,  (jf)  ef<  (33) 

Term  Y,(jf)  is  in  general  a  complex  quantity 
which  can  be  written 

y,  (jf)  =  M(f)  ef*<->  (34) 

where  Jf  (-)  =  |y,(  j*)  |,  sometimes  written  as 
!(f./A)(/“)I-  and  called  the  overall  amplitude 
ratio;  <*>(*)  -  arg  [7e(j->],  sometimes  written 


arg  [  (6,/ 6()  (}")],  and  called  the  overall  phase 
angle.  Thus  Equation  33  can  be  written 

t.  ft)  =  = 

Jf  (coe  («(  +  *)  +  jain  M  +  *)]  (35) 

Separating  the  real  and  imaginary  parte  shows 
that  the  response  to  the  real  inputs  cos  and 
iTC  rwwp^4twoly  Jlfeos  {ft  +  x)  and  M 
sin  (ft  +  <>)  .That  is,  the  response  to  any  pure  har¬ 
monic  input  is  also  sinusoidal  and  of  the  same 
frequency,  but  the  amplitude  is  increased  in  the 
ratio  Jf  :  1,  and  the  phase  ie  shifted  by  an  angle 
4  with  respect  to  the  input.  Fig.  9.  In  practical 
systems  the  output  will  lag  the  input;  that  is, 
4  will  be  negative. 

It  is  possible  to  draw  Ye(jf)  as  a  vector  in  the 
complex  plane.  If  this  vector  is  drawn  for  all 
frequencies  between  0  and  oc ,  then  it*  end  point  will 
trace  out  a  continuous  curve  in  the  y .-plane,  as 
shown  dotted  in  Fig.  10a.  In  practice,  however, 
it  is  more  usual  to  plot  the  overall  frequency 
response  characteristics  as  separate  curves  of  Jf 
and  4  plotted  against  «*,  Fig.  10b. 

Just  as  it  is  poarible  to  work  with  the  loop 
transfer  function,  the  loop  harmonic  response 
function,  y.(j*0,  can  also  be  used.  This  is  ob¬ 
tained  simply  by  putting  s  =  jf  in  y.(s).  Then 


Y.  (*) 


Y,  (jf) 
i  +  y.  (>«) 


(36) 


It  is  usual  to  plot  y.  (jf)  as  a  vector  in  the  com¬ 
plex-plane.  To  do  this  y,(S0  must  be  expressed 
in  the  form;  y,(j*»)  =  u(*)  +  jv(f)  where  «(») 
is  the  real  part  and  is  plotted  along  the  horizontal 
axis  and  v(f)  is  the  imaginary  part  and  is  plotted 
vertically.  Fig.  11. 
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Figure  10.  OmraN  harmonic  retponss  function  T.(M.  may  bo  reoresenfisd  by  »  vocter  in 
th*  complex  plane.  If  ttw  vectors  corresporeflng  to  *■  frequands*  are  drawn, 
a  continuous  curve  «M  bo  traced  as  shown  by  the  dotted  line,  a.  It  is  more 
usual,  however,  to  plot  ovarad  frequency  response  as  separate  curves,  b,  of  M 
and  »  against «. 


>J  -Plane 


Figure  11.  The  loop  harmonic  function  Y.U»)  it  usuaVy 
plotted  as  a  vector  in  the  complex  plana.  The 
real  part,  u(»).  Is  plotted  on  the  horizontal 
axis  while  the  imaginary  part  v(«)  it  plotted 
vertically. 


Alternatively,  the  loop  harmonic  response  func¬ 
tion  may  be  expressed  as 

r.  uw)  =  [  ( } «>  ]  =  y(«)  «<♦<•>  07) 


where  «(.-)  -  jr#(/«>;  =  V"1  9*.  is 

called  the  loop  paht  or  Zoop  amplitude  ratio  and 
#(»)  =  arg  [F.(»]  =  tair1  (v/u),  and  is  the 
loop  phase  angle. 

As  »  is  varied  from  0  to  oo,  the  tip  of  the 
T,  (i»)  vector  will  trace  out  a  continuous  curve  in 
the  F.-plane,  Fig.  12.  This  curve  is  called  the 
loop  vector  locus  or  the  Nycpdst  plat.  Os  very 
great  value  in  servo  analysis  will  be  diseusoed  in 
the  next  article,  which  will  deal  with  perform¬ 
ance  criteria. 

7.2L3  Criteria  for  Evaluating  Servo  System 
Performance 

Performance  can  be  described  generally  in  terms 
at  two  qualities:  (1)  stability  and  (2)  response. 
Stability  describes  the  ability  of  a  servo  to  settle 
down  after  a  disturbance  has  been  removed.  It 
is  closely  related  to  the  response  at  the  system. 
Response  is  the  term  used  to  describe  the  accuracy 
and  sensitivity  of  the  system  when  responding  to 
some  input  or  command  signal 

7A3.1  STABILITY 

The  formal  definition  of  a  stable  servo  is  very 
dear-cut  It  is  a  system  in  which  the  output  is 
always  finite,  or  limited,  for  any  finite  input  An 
unstable  servo  is  one  In  which  the  output  drifts 
sway  from  the  input  without  limit  This  does  not 
necessarily  happen  for  all  inputs,  but  if  it  will 
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F%W«  12-  vt*  servo  loop  Mdar  tout*  or  NmuM  plot  to 
of  fteat  sates  in  same  anolyato.  ft  to  uktetoed 
Nr  MMMoo  Mia  loop  harmsnlc  response  fur<c- 
Moit,  for  vetoes  of  .ftovn  «« to  Infinity. 


ooeor  for  any  input  then  the  system  is  obviously 
unsatisfactory.  The  idea  of  output  Increasing  with¬ 
out  Unit  is  only  n  mathematical  eoneept.  What 
happswo  la  pm  ttoa  in  that  output  will  only  in- 
crsgss  sat!!  gys*  seenposeat  is  the  inusi  'man 
dam,  or  until  some  nonlinearity  intervenes  to  con¬ 
strain  the  output. 

Although  this  definition  gives  a  definite  divi¬ 
sion  between  stable  and  unstable  serves,  the  term 
stability  la  generally  need  in  a  relative  sow.  A 
system  with  good  relative  stability  characteristics. 
Bf  1*.  might  lave  a  maximum  overshoot  of  0.3 
and  its  oadllatio*4  would  decay  in  a  comparatively 
short  time  such  as  four  times  the  buildup  time 
On  the  other  hand,  a  system  baring  a  msrim...w 
overshoot  of  0.8  and  n  decay  time  equal  to  tea 
times  buildup  time,  Fig.  lb,  although  stable  la 
an  absolute  sense,  would  be  said  to  have  poor 
relative  stability  characteristics. 

T  •  mathematical  definition  of  stability  is  that 


f  "  |  W  (ti  |  41 

J  4 

must  exist  and  be  finite,  where  W(f)  is  the  weight¬ 
ing  function.*  In  practical  servo*  a  sufficient  con¬ 
dition  Is  that  W(l)--H)  at  <-»ao.  Physically  thio 
means  that  the  output  must  return  to  its  initial 
position  If  the  lystrn:  is  given  a  sudden  impulsive 
kick  at  the  input. 

The  most  general  expreanion  for  W(f),  the 
weighting  function  is 

W(t)  -  (4,  +  «,f  4  C,t*  4  .  + 

<4,  4  Btt  4  .  .  .)  rV  (1) 


Figure  1 .  A  astro  system  wWi  good  relative  steMHty  char¬ 
acteristics.  a,  may  be  defined  as  one  basing  a 
maximum  avurshoot  of  0.3  and  compsraMsaly 
that  decay  time,  f*  equal  to  about  tour  times 
ths  buMdup  time,  lb.  A  relative  unstable  system, 
b,  has  overshoot  of  0.S  end  decay  time  equal  to 
10  times  the  buildup  time.  The  relathely  un¬ 
its  Ms  system  doss,  howsver,  possess  sbootote 
stabWty  since  oecMations  dtoout 
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where  A,,  A,,  «tr  are  all  the  values  of  a  whick 
make  O(a),  the  denominator  of  the  overall  trans¬ 
fer  function,  Y,{i).  aero.  Each  A  may  tm  either 
real.  Imafiaary.  or  In  the  moat  general  case  com¬ 
plex.  Any  complex  root  can  be  wr.tten  La  tie* 
form  A  -  a  +  P.  Presence  of  nuch  a  root  '  *- 
dicat e*  a  damped  sinusoid  in  the  weighting  func¬ 
tion.  Only  if  a  ia  negative  will  this  oscillation 
decay  as  time  t  Increases.  Thus,  a  aereaaary  con¬ 
dition  for  .Ubllltjf  is  that  utt  the  roots  of  Of  a)  - 
0  mutt  possess  e  nefjutios  m cl  port. 

Note  that  in  practical  systems  the  coefficients 
of  powers  of  s  in  Q{ai  are  positive  and  real.  This 
implies  that  complex  roots  occur  in  conjugate 
pairs.  That  Is  If  «  +  p  is  a  root,  then  a  —  P 
is  also  a  root. 

The  presence  of  a  purely  imaginary  root,  aay 
s  -  P..  ia  to  be  deplored  It  does  not  satisfy  the 
above  condition  for  stability  and  means  that 
there  is  an  undamped  oscillation  in  the  weighting 
function.  With  s  periodic  function  input  of  fre¬ 
quency  B„  the  output  can  increase  without  limit, 
at  least  In  theory. 

It  ia  therefore,  possible  to  is  vestlgate  the  sta¬ 
bility  of  n  servo  by  finding  the  roots  of  the  char¬ 
acteristic  equation 

O  (i)  =«.r  +  a.  ,  «*  >  -f  n,s  ■(■«•  =  0  (X) 


r  is) 

- - - —  i«) 

Is  —*,)(«  -  k»> . .  .  (•  -  /ill Is  -  M 

So  that  when  the  input  frequency  •*  la  equal  to  u. 
the  partial  fraction  expansion  for  0,  ( # )  will  con¬ 
tain  the  term.  C/(a  p)*.  Thin  results  ia  the 
term  Cfs'*'  in  the  weighting  function.  Thia  com¬ 
ponent  of  the  response  ia  an  oscillation  whose 
successive  amplitudes!  increase  linearly  without 
limit.  The  system  in  therefore  unstable.  This 
phenomenon  ia  known  as  resonance. 

In  practioe,  as  previously  stated,  the  output 
amplitude  can  only  increase  until  the  system 
fails  or  until  some  nonllnosrity,  such  as  saturation 
of  tha  power  source,  intervenes  to  limit  the  am¬ 
plitude.  A  self-maintained  oscillation  ia  then  set 
I  up.  This  phenomenon,  called  hunting  or  limit  cycl 
ing,  will  only  occur  in  practioe  where  a  closed-loop 
sequence  monitors  s  power  source.  Self -maintained 
oscillation  in  other  spheres  (for  example,  aircraft 
flutter  vibrations)  can  be  traced  to  He  same  cause. 


It  is  possible  to  plot  Yjjm)  agaii  ‘  rrequency,  >». 
Thus 


Thia  can  be  very  tedious  if  n>3,  as  it  probably 
will  be  in  most  servos.  Further  on  rapid  methods 
for  Investigating  the  absolute  and  the  relative 
stability  of  systems  will  be  discussed. 

There  are  certain  helpful  rules  regarding  stabil¬ 
ity  based  upon  the  transfer  function. 


*•  _  .  .  +  hi  •  +  A, 

- (•)  =  r,  <•>  = - - — - 

*4  «.*•  +  .  ..  +  #i«+ao 

of  a  linear  servo.  These  rules  are: 


IS) 


!.  If  is  ^  *,  the  !•  unrMlIndilf 

X.  If  my  of  the  a  coefficients  In  the  denominator 
la  negative,  then  the  system  Is  In  general  un¬ 
stable. 

3.  If  o»  exists  and  any  of  other  coefficients  a..i. 

.  .  . ,  a«  is  aero,  then  the  system  Is  unstable 

It  must  be  realised  that  although  these  rules  can 
reveal  an  unstable  servo,  they  cannot  prove  that  a 
system  ia  stable.  In  other  words  they  are  not 
sufficient  tests  for  stability. 


Freqecwcy  Response  and  Stability:  Suppose 

a  -  p  ia  an  imaginary  root  of  G(j)  -■  0.  Then 
for  a  complex  sinusoidal  Input  of  frequency  ", 
the  transformed  output  la  given  by 


I Y.  (Ml  =  *<•»)  = 

_ (6> 

V  <*»  +  Ak*)  (-*  +  S?)  ...(-*  +  S-*> 

Therefore,  if  A  -  >Q  is  an  imaginary  root  of  (J( #) 
=  0,  If  (•*)  will  become  infinite  when  ■>  —  0,  Fig.  2. 
Thus,  if  the  overall  amplitude  response  curve  be- 
cocrcea  infinite  at  any  frequency,  it  indicates  the 
presence  of  an  undamped  oscillation  in  tiic  weight¬ 
ing  function,  and  therefore  instability. 

A  servo  will  also  he  unstable  If  there  is  a  root  of 
the  form  a'  4-  x*-*,  wuae  V  !■  pOilt'Tv.  In  this 
case  the  amplitude  plot  would  be  the  aame  if 
we  replaced  the  u eatable  root  by  —  a'  +  pr. 
This  method  doe*  not  give  conclusive  proof 
of  stability,  although  as  will  be  shown  later,  once 
absolute  stability  has  been  established.  Mi")  and 
4(“)  give  useful  information  on  relative  stability. 

Obviously,  seme  simple  and  conclusive  testa  for 
stability  would  be  very  helpful.  Two  approaches 
to  thia  problem  will  be  outlined.  They  are:  (1) 
The  Nyquist  criterion  and  {?,)  algebraic  criteria. 

Nyqulst  Criterioa:  Thia  utilises  the  open-loop 
harmonic  response  function  and  ia  based 
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Figure  2.  Resonance  in  a  arm  matom  H  sne  sf  the 
pot  stole  type*  «f  InStshMUy.  M  h  f1  t*  an 
inuiginary  rswt  at  the  dsnamlnster  of  Ha  o*»r 
SP  aaiva  traaalar  faacWan,  It  IhAgMn  Wwrt  rt 
•mm  freguaatr,  SI  team  Is  a  rsss want  peak. 
Some  contpoiiMt  ef  the  eena  tyvlefn  vauM  be 
awertssdsd  and  (all  at  Ms  fragusocy  a*  the 

fWB  1OTIM  W>  NTewm^. 

upon  the  properties  of  functions  of  a  complex 
variable.  Consider  first  the  loop  transfer  1  unc¬ 
tion  F,(») ,  where  In  general  a  la  a  complex  number 
at  the  form  a  --  *  +  Corresponding  to  each 
▼aloe  of  a  there  la  particular  value  of  F.(s).  This 
can  be  shown  by  showing;  the  value  of  a  as  a  point 
in  a  complex  plane  called  the  a  plane,  and  the  cor¬ 
responding  value  of  F.(#)  aa  a  point  an  another 
complex  plane,  called  the  Y,  plane.  Corresponding 
to  s  contour  in  the  a  plane  there  is  a  contour  in  the 
T,  plane.  The  ahape  of  the  letter  ^  Ta  on  the 
function  F,(t),  and  hence  on  the  parana..*:  rv  r*t 
the  servo  it  represents. 

Thus,  if  the  *  plane  is  divided  into  a  net  of 
lines  of  constant  «  and  constant  «,  parallel  to 
the  axes,  Fig.  3,  there  is  a  corresponding  puttm 
of  lines  in  the  V,  plane.  This  is  called  conformal 
missis  J.  If  ".(•)  ii  wSifct  is  iuivVS  ZS  ZS  SSSljtk 
function,  and  it  certainly  ia  for  the  linear  servoo 
being  considered,  then  small  squares  in  the  s  plane 
correspond  in  the  limit  to  small  squares  in  the 
Y.  plane,  Fig.  ?  This  is  called  a  conformal  tran»- 
formation.  Ttie  important  point  is  that  the  squares 
are  traversed  in  the  same  sense,  as  will  be  shown 
The  point  (  -1  +  jO),  written  (  -  1,  0>..  in  the 
Y,  plane  corresponds  to  a  point  ( a,  +  j»t)  is 
the  *  pU  ne.  That  is, 

Y.  (ax  +  M)  =  -  1  <*> 


Figure  S.  Llney  of  constant  •>  and  »  In  tha  s  plana  cor 
respond  to  similar  conhun  In  the  Y.  plane 
which  depend  on  Hw  (unction  (,{»).  TWe  Is 
known  n  conformal  mapping  The  email  shaded 
square  In  the  •  plane  corresponds  In  the  Ihnlt  to 
the  email  shaded  area  In  the  S',  plans. 


S  piece  (a)  (  plane  l b ) 


Figure  4.  The  Nyquist  a  dor  ion  tor  stability  is  that  the 
point  (  1,0)  shah  not  fall  within  the  shaded 

region  in  the  T.  plane  obtained  by  conformal 
transformation  at  and  corresponding  to  the 
shaded  region  in  the  s  plane.  The  criterion  holds 
true  presided  ad  system  elements  are  them 
sabres  stable. 


In  other  words  («t  +  >»,)  i»  a  root  of  the 
characteristic  equation  G(»)  =  1  +  Y,t»)  -  0. 
For  stability  s,  must  be  negative,  or  (*,  +  >*,) 
must  not  tie  in  the  region  shown  shaded  in 
Fig.  4a.  Corresponding  to  this  region  there 
is  a  shaded  region  in  the  Y .  plane  as  shown 
in  Fig.  4b.  Because  of  the  previously  men¬ 
tioned  conformal  transformation,  this  region  is 
.  hounded  by  the  contour  Yt(j»)  and  lies  to  the 
right  of  it  ss  the  contour  is  traveraed  from  «*  = 
—  ao  through  a  ~  0  to  «  +  w.  The  condition 
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for  liability  li  therefore  that  the  point  (—1,  0) 
shall  not  lie  in  this  shaded  region  of  Yt  plane. 

The  condition  stated  mid*  if  all  the  elements 
in  the  systen  are  themselves  stable.  Very  occa¬ 
sionally  systems  do  contain  unstable  components, 
usually  due  to  some  local  positive  feedback  loop 
around  a  component.  This  does  not  necessarily 
mean  that  the  overall  system  is  unstable,  but  in  this 
case  the  condition  for  stability  depends  on  how 
many  times  the  contour  Y#(j«)  encii  lea  the  point 
( -1,  C).  In  determining  the  stability  of  these  so- 
called  Honminimum-phaae  systems  the  exact  form  of 
the  loop  transfer  function  must  first  be  obtained. 
However,  they  are  sufficiently  rare  in  mechanical 
servos  to  be  neglected  in  this  discussion.  They  will 
be  discussed  iu  a  later  article. 

la  the  condition  for  stability  just  stated  it  would 
be  necessary  to  draw  the  whole  of  the  Y„(j •*)  con¬ 
tour,  including  a  large  circular  arc.  The  sweep  of 
this  arc  depends  on  the  power  r  in  the  denomina¬ 
tor  of  the  loop  transfer  function  ( Equation  12, 
Ref.  2).  But  in  practical  servos  it  is  unnecessary 
to  go  to  all  this  complic  tion.  If  the  Y,(je)  con¬ 
tour  from  •*  =  0  to  w  =:  +cois  plotted,  then 
the  condition  for  stability  is:  T\e  point  (—1,  0) 
must  alwaya  lie  to  the  left  of  ttte  contour  when 
it  it  traversed  in  the  direction  of  increasing  m, 
Fig.  5.  A  contour  passing  through  the  point 
(  - 1,  0)  represents  the  critical  stability  boundary. 

The  Nyquiot  criterion  can  be  given  a  simple 
physical  explanation.  Where  Y „(j")  crosses  the 
negative  real  axis,  the  output  lags  the  error  by  180 
degrees.  Thus  any  sinusoidal  pulse  introduced  as 
an  error  passes  through  the  loop  to  the  output 
and  is  reintroduced  as  an  error  180  degrees  behind 
the  initial  pulse,  as  shown  in  Fig.  6o.  The  ampli¬ 
tude  of  this  pulse  will  be  j  yo|  times  the  amplitude 
of  the  initial  pulse.  Thus,  if  |Y,|  —  1  at  this 
frequency,  a  continuous  oscillation  can  be  main¬ 
tained,  since  this  second  pulse  will  cause  an  equal 
and  opposite  one  to  be  introduced,  and  so  on.  If 
|  YJ  >1  at  180-degree  phase  lag,  the  oscillation 
will  increase  in  amplitude.  Fig.  66.  Obviously  the 
desired  condition  for  stability  is  |Y0|<1  at  the 
given  frequency. 

In  most  servos  stability  depends  on  the  value 
of  the  scalar  gain  K,  where 


Y.  (3) 


If  tie} 
s'  cr(«) 


(7{ 


and  f{s)/g(3)  =  1,  when  s  ^  0. 

That  is  to  say  there  is  a  critical  value  for  K 


Real 


Figure  5.  Application  of  the  Nyqulst  criterion  tar  stability 
can  be  simplified  in  practice  by  platting  the 
V.  (M  contour  only  from  u  —  0  to  u  —  on.  The 
condition  for  stability  then  becomes  that  the 
point  (-1,0)  must  always  be  to  the  left  of  the 
contour  when  It  is  traversed  in  the  direction  of 
Increasing  w.  The  plot  for  en  unstable  system 
Is  shown  at  a.  The  contour  at  b  fulfills  the 
conditions  for  stability. 


above  which  the  servo  becomes  unstable.  In 
practice,  for  good  relative  stability,  K  must  be 
set  somewhat  less  than  this  critical  value,  as  will 
be  shown.  From  Equation  7  it  can  be  seen  that 
changing  K  merely  alters  the  scale  of  the  Y#(j «) 
contour,  or  Nyqvist  plot  as  It  is  frequently  called. 

Algebraic  Criteia:  These  are  expressed  in  terms 
of  relations  between  the  coefficients  of  the  powers 
of  «  in  the  characteristic  equation. 

0<«)  =  o,**  -I  ..  +  «!«  +  Oo  (8) 

One  of  these  criteria  is  due  to  Hurwitz.  This  is 
m  follows:  Write  down  the  determinant  of  order 

W  ~  A, 


«1 

Oo 

0 

0 

0 

0 

Os 

Oi 

Oi 

Oo 

0 

0 

Os 

04 

03 

«s 

Oo 

«7 

o« 

Then  for  stability  all  the  o’e  must  be  of  the  same 
sign,  and  A  must  be  positive  when  evaluated.  For 
example,  if 

O  (a)  ~  o3  a3  +  s,  j1  +  a,  «  +  Ho  (10' 

then 

I  *•!  <*0  I 

i  =  !  ai) 

I  Os  Os  ! 
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The  advantage  of  algebraic  methods  is  that 
they  are  simple  to  apply  and  give  clear-cut  deci¬ 
sion;;,  However,  they  only  give  the  conditions  for 
absolute  stability,  and  do  not  give  any  data  on 
the  relative  stability  of  the  system. 

tin  the  other  hand,  tbs  Myquist  criterion  is 
sol  letimeu  difficult  to  use  when  determining  ab¬ 
solute  stability,  although  if  correctly  used  it  al¬ 
ways  gives  the  right  results.  The  great  advantage 
in  drawing  a  Nyquist  plot  is  that  it  can  also  be 
used  o  determine  the  relative  stability  and  re¬ 
sponse  characteristics.  In  practice  it  is  a  good 
idea  to  use  both  Nyquist  and  algebraic  methods. 

7. 2.3. 2  RESPONSE 


it>) 


Amplitude  incraosing 


Figure  6.  If  the  Y.  (/*)  contour  crosses  the  negative  reel 
axis,  servo  output  lags  the  error  by  ISO  deg. 
Any  sinusoidal  pulse  Introduced  as  an  error 
passes  through  the  servo  loop  to  the  output  and 
»  reintroduced  as  an  error  180  deg  behind  the 
initial  pulse,  a.  Amplitude  of  this  pulse  N  jY„| 
times  the  amplitude  of  the  initial  pulse.  There¬ 
fore,  If  |Y,i  =  1,  continuous  oscillation  will  he 
maintained.  If  |Y.I  >  1,  the  oscillation  edit 
increase  in  amplitude,  b.  Obviously  for  a  stable 
system  jY.|  must  bs  less  titan  one.  R  Is  this 
condition  which  the  Nyquist  plot  serves  to 
establish. 


and  the  condition  for  stability  is 

®i  «**  >  Oo  «s 

As  a  further  i.luctration,  if 
®  <•}  =  ®4  s4  +  os  a*  +  a*  **  +  «,  >.  +  oo 


then 

1  °l 

«o 

0 

A  = 

°* 

®i 

«.i 

1  o 

«3 

(12) 

(13) 


(14) 


With  the  necessary  conditions  for  absolute  sta¬ 
bility  discovered  response  characteristics  can  be 
evaluated.  No  clear-cut  response  criteria  can  h* 
laid  down  since  they  depend  on  the  field  of  Ap¬ 
plication  and  on  the  types?  t  inputs  likely  to  he 
encountered.  In  servonjechaniamm  (for  example, 
remote-poaltion-controllers),  the  input  is  likely 
to  change  continuously  and  rapidly,  with  perhaps 
many  changes  of  direction  per  second.  In  general 
the  output  must  have  small  following  errors,  and 
this  means  high  sensitivity  as  well  as  static,  accu¬ 
racy. 

In  automatic  regulators  (for  example  speed- 
governors),  the  input  is  likely  to  remain  constant 
over  long  intervals  of  time.  The  output  response 
to  change  in  input  setting  must  usually  be  accu¬ 
rate  rather  than  sensitive.  In  fact,  the  control 
must  sometimes  react  slowly  to  input  change  so 
as  not  to  overload  the  system.  Continuous  ex¬ 
citation  may  come  from  some  unwanted  external 
disturbance,  and  it  is  desirable  that  the  system 
does  not  respond  very  much  to  this  disturbance, 
la  process  controls,  which  arc  special  fores*  of 
regulators,  the  time  scale  may  be  very  different 
from  that  of  servomechanisms.  Here  there  may 
be  very  large  time  lags,  especially  in  the  plant 
itself. 

Since  inputs  are  so  variable,  the  analysis  pre¬ 
sented  here  will  be  performed  by  considering  the 
response  to  certain  idealised  input  functions. 


and  the  condition  for  stability  is 

«i  (<**  o»  “  «i  «*)  >  «3*  <*o  (15) 

There  are  other  similar  algebraic  criteria— for  ex¬ 
ample,  Routh’s  criterion.  Although  they  differ  in 
method  they  give  the  came  results. 


The  choice  of  which  method  to  use  for  design  -  - 

poses  is  purely  optional  and  depends  ultimately  on 
the  preferences  of  the  designer.  Each  method  has 
certain  advantages  and  disadvantages  which  will  be 
briefly  outlined. 


J 
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The  '  ,-hcient  tv*pons«  method  is  usually  based 
on  rsapcswe  to  tbs  Hmviaide  unit  *tep  faction, 
U(t}.  Results  are  easy  to  interpret  when  plotted 
graphically,  hut  they  are  difficult  and  tedious  to 
obtain  because  the  charectertatlc  equation  has  to 
bs;  solved,  and  then  the  final  ixproiwian  plotted 
to,  graphical  fora.  Another  big  disadvantage  is 
that  if  any  parameter  is  changed  or  if  additions, 
elements  are  put  into  the  loop,  the  whole  process 
has  to  be  reworked.  It  is  also  very  difficult  to  as¬ 
sociate  any  characteristic  in  the  response  with 
particular  elements  in  the  loop. 

Thus,  while  transient  response  can  be  used  '.o 
identify  a  rood  or  bad  system,  it  does  not  often 
suggest  how  to  modify  the  system  so  as  to  im¬ 
prove  its  response.  These  faults  become  very  much 
worse  when  the  degree,  n,  of  the  characteristic 
equation  is  greater  than  three. 

With  frequency  response  methods,  mathematical 
labor  is  shorter  and  simpler.  /  Iso  in  this  direction 
some  simple  aids  exist.  These  will  be  discussed 
in  a  later  section.  The  great  advantage  of  fre¬ 
quency  response  methods  is  that  the  effect  of 
modifying  the  elements  in  the  system,  or  adding 
new  components,  can  be  easily  accounted  for.  The 
disadvantage  is  that  the  response  vector  curves 
do  not  give  a  physical  picture  of  system  behavior. 
That  means  that  a  set  of  rules  must  be  available 
to  correlate  frequency  response  curves  with  the 
transient  behavior  of  the  system.  No  concrete 
net  of  such  r.Jes  exists,  unfortunately,  but  there 
are  some  approximate  rules  which  will  shortly 
be  given. 

Successful  use  of  either  of  these  design  tech¬ 
niques,  therefore,  depends  la  -?ely  on  the  skill  of 
the  engineer.  Only  with  experience  can  he  weigh 
the  value  of  any  design  crit  ~ia. 

In  practice  it  is  conveniens.  :o  io  the  initial  de¬ 
sign  work  using  frequency  response  methods.  Once 
the  design  has  been  more  or  less  finalised  in  this 
way.  then  a  check  can  to  nade  by  plotting  its 
transient  response. 

Response  Criteria:  Uas»  d  on  transient  response 
to  the  unit  step  function,  17 (ft,  response  of  a 
stable  system  will  in  general  invol  e  an  overshoot, 
followed  by  a  decayinr  oscillation.  The  response 
is  generally  considered  satisfactory  if  the  maxi- 
mu  .1  overshoot  is  about  30  per  cent  of  the  step, 
with  only  two  or  three  large  overswinga  following 
it.  Fig.  la.  Less  than  10  per  cent  overshoot  is  some¬ 
times  necessary. 

Decay  of  the  oscillations  depends  on  the  values 
of  the  roots,  (-a  +  jn),  ol  the  characteristic 
equation.  All  oscillations  will  have  substantially 


disappeared  at  time  tt  =  4/a.,  where  a.  is  the 
magnitude  of  the  smallest  real  component  of  ad 
the  roots.  The  number  of  oscillations  depends  on 
the  ratio  a/fi  for  ?*ch  of  the  roots.  A  value  of 
about  O.S  is  usually  quoted  as  satisfactory  for 
this  ratio. 

A  measure  of  sensitivity  is  given  by  the  build-up 
time  Th.  This  has  been  variously  defined  as: 

1.  Time  to  psas  through  1.0  for  first  time. 

2.  Tim*  to  get  within  a  steady  2  per  cent  o t  1.0. 

3.  Time  to  awing  through  1.0  at  maximum  rate 
of  response. 

Based  on  the  overall  response  function 
the  requirement  for  no  steady-state  positional 
error  is  that  M  —  1  when  •*  =  0,  or  that  «,  =  N, 
where 


Y,  (Ju)  -  Met*  = 


ho  +  b»  A»  +  . . .  -fr  h»  (A>)" 
«o  +  «i  i*»  +  •  •  •  +  *«  (f“  -  * 


<!•> 


In  practical  servos  n  >  m,  so  that  If  -*  0  and  4 
is  negative  *»»->«.  Thus  a  typical  response  is 
of  the  form  shown  in  Fig.  7. 

The  amplitude  or  M(»)  curve  is  very  inform¬ 
ative.  High  resonant  peaks  correspond  to  lightly 
damped  roots  in  the  characteristic  equation;  that 
is,  a/n  is  shout  0.2  or  leas.  An  ideal  type  of  char¬ 
acteristic  is  shown  in  Fig.  7.  If  the  maximum 
value  of  Jf  is  limited  to  1.3  or  1.5,  then  in  gen¬ 
eral  a  good  transient  response  is  obtained  without 
too  many  overshoots. 

Sensitivity  is  determined  by  the  bandwidth  •*». 
This  is  variously  defined  as: 

1.  Jf(u»)  —  1.0  beyond  resonant  peak,  to  response 
is  of  type  ahown  in  Fig.  7. 


*  So 


and*, 


*>» 


nant  peaks. 


1.0  holds  for  curve  with  no  reso- 


Figure  7.  Limiting  the  maximum  value  of  M  to  1.3  to  1.5 
result*  in  an  ideal  transient  response  character¬ 
istic  without  too  many  overshoots. 
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3.  Jf(w»)  •—  1/2  beyond  any  r«n>nint  peak. 

Since  both  re?*t*  to  sensitivity  a  relationship 
between  the  bandwidth  •,  nod  the  build-up  time 
might  be  crpected.  There  is  an  approximate 
relationship  between  the  two,  but  gene  ally  no¬ 
thing  more  can  be  said  except  that  increasing 
the  bandwidth  reduces  the  build-up  time  and 
hence  improves  the  sensitivity  of  the  servomecha¬ 
nism.  An  approximate  relationship  between  the 
two  can  be  established  if  an  idealised  frequency 
response,  fig.  8,  is  co>  aidered.  Here  Jf  =  1  up 
to  the  ba  dwidth  frequency  *»v  and  is  xero  for  all 
higher  frequencies,  while  the  phase  angle  la  linear 
in  bandwidth.  The  response  of  a  system,  having 
such  a  characteristic,  to  a  step  function  is  rhown 
ir  fig.  9.  This  response  has  a  small  value  when 
t  =  0,  *o  the  system  is  not  physically  realisable. 
Apart  from  tula,  its  response  is  very  much  as  de¬ 
sired. 

Using  the  third  of  the  definitions  of  T  prsvte  Ita¬ 
ly  given,  it  can  be  shown  that 


This  npportn  the  previous  remark  on  increas¬ 
ing  the  bandwidth.  Generally  to  Increase  «t  to 
achieve  a  more  rapid  response  the  scalar  pom  con- 
sfonf  K  mast  be  a*  terpo  cut  possible.  However, 
as  i*  shewn  by  the  Nyquist  criterion,  this  can 
lead  to  instability,  ard  almost  invariably  means  a 
more  oscillatory'  response.  Therefore,  a  compro¬ 
mise  value  for  K  must  be  achieved.  One  of  the 
fundamental  problems  of  servo  design  is  to  get 
the  maximum  possible  bandwidth  for  a  given 
scalar  gain  K. 


a,b  —  Constants 

i  ~  Square  ruc(.  of  mteus  one  (symbolic) 
K  —  Scalar  gain  eousuuit 
r  -•  Order  of  *»rvo 
s  —  Laplace  operator 
/»  =  Buildup  time 
T4  —  Decay  time 
t  =  'Cime  variable 
17(f)  —  Imli  step  function 
W(t)  —  Weighting  funct  on 
y,(s)  Overall  servo  transfer  function 
=  no/ois) 

y,(a)  ~  Loop  transfer  function 

w  —  Angular  frequency,  rad  per  sec 
u*  --  Bandwidth  of  amplitude  response 


ISSUED:  MAY  1964 


j 


Figure  8.  With  the  Idealized  frequency  respon—  shown 
here,  M  •  -  1  over  the  entire  bendsMth  and  zero 
at  higher  frequencies.  The  phase  angle  is  linear 
throughout  the  bomhridth- 


1 


Figure  9.  The  response  of  a  system  with  the  characteris¬ 
tics  known  i*«  Figure  8  to  a  step  function,  «|1), 
illustrate*  the  relationship  between  bandwidth 
and  buildup  time.  Response  of  such  a  system 
is  much  as  desired;  however,  the  system  Is 
physically  unrealizable  since  response  is  so 
email  at  t  o. 


Steady-State  Errors:  Apart  from  sensitivity  ami 
stability  another  important  factor  in  aagemiiig  per¬ 
formance  is  accuracy.  Obviously,  in.  my  ser?o, 
high  static  accuracy  is  essential.  A  measure  of 
static  accuracy  is  given  by  the  steady-state  error 
in  the  response  to  a  unit  step  function  luput 
U(t),  Fig.  19o. 

In  some  systems  dynamic  accuracy  is  also  very 
important.  That  is,  following  errors  to  continuous¬ 
ly  varying  inputs  must  be  very  small.  To  assess 
the  dynamic  accuracy,  the  steady -state  enror  when 
following  an  input  which  is  increasing  at  unit  rate 
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Rpirt  IP.  Static  accuracy  at  a  aacaw  system  la  Indhielied  by  the  steady  state  arrar  h 
■espouse  to  a  unit  atap-hmetton  Input,  a.  Dynamic  accuracy  can  be  aaseoasd 
fay  flndtag  Dm  ateoity  itata  arm  in  response  to  a  unit  slap  velocity  Input,  b. 


out  ba  easily  found.  In  the  case  of  position  servos 
this  input  17(2>t  to  called  a  a<i^  stop  wiWf,  Tig. 
106. 

Occasionally ,  in  some  position  control  servos, 
ti  c  output  must  ba  able  to  follow,  with  a  small 
steady  error,  a  constant  acceleration  input.  Such 
an  Input  to  the  unit  step  cecelamtion  t/(i )ta/X 
The  difficulties  involved  here  will  shortly  lie  ette- 
eueeed. 

Thu  rrtatkmahip  between  the  error  and  input  to 


W  - 


1 

l  +  r.Ta') 


Obviously,  for  aero  steady-etate  error,  the  require¬ 
ment  to  that  r  g  t  If  r  ^  0,  there  to  a  static  error 
of  a,  =  1/(1  +  JO.  Tor  a  unit  velocity  step  input 
«.(*)  =  U(t)t,et(»)  =  1/  a*.  Therefore. 


*  =  Urn  f — — —  I 
*— >0  l  r  +  I  -I 


where  the  integer,  r,  to  called  the  order  of  the 


Substituting  from  Equation  7  gives 
A  (a) 


•<•)  = 


1  + 


KfC) 

ryUl 


(1») 


Now  Theorem  8,  Sub-Topic  7.2.2,  is  used  to  obtain 
the  steady -state  error.  This  is 


a,  =  Mm  [•(*)]  =  Mm  [•#(•)]  = 
t— >  qo  #— *0 


Uri 

s-*-»0 


f  «■»**<«) 

w  -i  JC  J 


(J») 


since  f/g  1  as  a  -*  0. 

In  Ui@  case  of  a  unit  step  function  17(2),  #,(«)  = 
1/a,  w  that 


% 


Mat 

»~+0 


[ 


_5_] 

#  J 


(SI) 


Thun  for  a aro  steady  following  error  r  S  S  to 
required.  If  r  =  1,  there  to  n  steady  following  error 
a,  =  1/A.  If  r  =  0,  than  the  following  error  in¬ 
creases  without  limit.  In  other  words,  the  servo  to 
Incapable  of  following  the  input 

Thr*  approach  toads  to  Table  S  whkb  can  he  ex¬ 
tended  at  will  and  to  symmetrical  apart  fro as  the 
first  term.  As  the  table  shows,  a  first  order  servo 
(r  =  1)  has  a  aero  static  error,  but  a  finite  steady 
following  error  to  a  step  velocity  input  A  second- 
order  servo  has  a  aero  steady  following  error  for 
a  atop  velocity  input  For  thin  reason  second-order 
servos  are  frequently  called  aero-twtootty -error 
servos,  particularly  in  the  case  of  displacement 
controllers. 

Probably  most  mechanical  servos  era  of  the 
first-order  kind.  Where  high  dynamic  accuracy  to 
required,  for  example  in  gt  j-contro!  systems,  sec¬ 
ond  and  even  thin?  order  systems  are  sometimes 
used.  Here  there  are  inherent  stability  problems 
to  be  solved.  This  will  be  illustrated  with  a  very 
simple  example. 
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TtU*  1 — Steady  Mtewlnf  bi*f» 
ef  Stmt 
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SuppoM  a  sacoad-order  ncrro  has  the  loop  traaa- 
fer  function. 


Figure  U.  The  vector  «*  In  this  topical  Myqutat  ptet  rep¬ 
resent*  the  velue  of  for  eotwe  frequency, 
«.  The  vector  *P  represents  1  4  Y.(M-  The 
overall  response  function  ie  found  by  <M*n 

op  tv  at. 


y,  (,)  =  JL  (») 

e* 

where  the  effects  of  time  lace  have  been  neglected 
for  simplicity.  The  characteristic  equation  is  there¬ 
fore 


•»  +  *  =  0  (M) 


This  has  two  imaginary  roots  -±.  i^K,  and  so  the 
system  la  unstable. 

Now  enppoae  the  system  loop  transfer  function 
is  modified  to 


T :  <a) 


K(i  4-  Te> 

a* 


(X) 


The  characteristic  equation  is  now 

a"  +  MTt  +  *  =  0  (M) 

The  system  la  now  stable,  and  still  retains  its  eero- 
velocity-error  characteristics.  This  type  of  problem 
will  be  investigated  more  thoroughly  in  a  later 
article. 


IhrfTn  ChaiaetarMkn  from  Nyqefct  net: 

In  a  typical  Nyquiat  plot.  Fig.  11,  the  vector 
OP  repreeienU  for  some  particular  fre¬ 

quency  «*.  Then  to  the  aame  scale  the  vector  A  P 
rcpreamta  1  +  Then  the  overall  rt  iponse 

function  can  be  found  by  division. 


Thus 


Mot*  s  Y,  <M 


gP 

IP 


Results  of  this  division  are  Jf(»)  =  (OP)/(AP) 
(ratio  of  lengths)  end  $(*)  =  +  -  r  =  OP  A 
(negative  os  shown). 

Performing  this  process  for  a  number  of  fre¬ 
quencies  permits  plotting  o.  Jf(*»)  and  ^(»).  This 
la  a  rather  tedious  task.  It  can  however  be  avoided 
by  superposing  curves  of  constant  M  and  f  on  the 
f,  plane.  These  contours  are  orthogonal  circles, 
mg.  12  M  contours  have  their  centers  st  [ -If */ 
(**  —  *)  +  jO)  and  radii  of  |Jf/(JP  -1)|.  The 
+  contours  have  their  centers  st  [  -  H  —  Hj  cot 

*  1  _ Jtl  .4*  11/  - _ _ i| 

•J  MM  *  WUW  w&  |  7i  wdow  «p|. 

If  ss  previously  suggested  the  mairimnm  ampli¬ 
tude  ratio  is  limited  to  1.5,  then  the  region  ahown 
shaded  in  Fig.  12  is  prohibited.  The  servo  having 
toe  loop  response  ahown  plotted  In  Fig.  12  ob¬ 
viously  has  s  maximum  overall  amplitude  rati  j  of 
1.3. 

Since  changing  the  scalar  gain  constant  K 
changes  the  scale  of  the  Nyquist  plot  it  obviously 
must  be  set  ao  that  the  curve  does  not  enter  the 
prohibited  region.  The  best  way  to  do  this  is  first 
to  plot  s  curve  of 

/  <M 

(A»)r  B  U*>) 

which  la  just  with  K  omitted.  Then  the 

critical  stability  point  Is  ( —  1/K,  0)  instead  of 
(  - 1,  0),  Fig.  13.  Thus  instead  of  altering  the  cob- 
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tour  when  K  la  changed,  the  critical  stability  point 
la  Moved  until  Um  contour  In  in  the  right  poaitlon 
relative  to  It  Us*  rtunataly,  changing  the  critical 
stability  point  ir  oivss  changing  the  scale  and  lo¬ 
cation  of  the  M  and  ^  constant  contours.  There 
are  constructions  for  insuring  th  xt  the  critical 
stability  point  ( -  1/K,  0)  la  positioned  so  that 
the  Y.(jm)  locus  Just  touchas  the  required  M  con¬ 
tour,  thus  fixing  the  optimum  value  of  K. 


Flfura  12.  Plotting  e  series  of  orthogonal  circles  repre¬ 
senting  constant  M  and  *  In  the  same  plane 
ee  the  Nyqutet  plat  stmniMtee  determination 
of  the  maximum  amplitude  rati-  M.  The  servo 
having  the  loop  response  pto  tera  has  a 

«mAiirikrtc  rettn  ntf 

These  constructions  are  somewhat  complicated 
and  some  prefer  a  simpler  method  involving  two 
figures  of  merit  known  as  the  gam  margin,  O, 
and  phase  margin  p,  Fig.  13.  Desired  values  are: 
O  from  0.5  to  0.8,  and  p  from  35  to  45  degrees. 
Thus  once  the  point  A  and  hence  the  value  K 
have  been  fixed  to  agt«*.  with  these  figures,  ii  !«• 
possible  to  plot  to  the  correct  scale  on  a 

graph  containing  contours  of  constant  M  and  <ft. 

Value,  of  the  gain  margin  and  phase  margin  is 
purely  their  use  in  obtaining  very  aimply  an  ap¬ 
proximate  best  gain  constant  K.  They  are  not 
reliable  figures  of  merit  to  assess  performance, 
although  some  have  used  them  as  tch.  The  danger 
of  doing  this  is  demonstrated  by  the  dotted  re- 


Figure  13.  One  way  of  insuring  satisfaction  of  the  Nyquist 

-  «  -  |.  -  »»  .  --  eae - »  »  a  «*«*  —  -  ■  — a 

ULIMMU  M  w  mRRM  DM  CfffCWI  ICBINIfij  potfll 

by  changing  the  whs  of  K,  the  scaler  gain 
constant  Construction  (mures  that  the  Y~0«) 
locus  )ust  touchas  the  required  M  value  to  fix 
the  optimum  value  of  g. 

sponse  shewn  in  Fig.  13.  Although  this  satisfies 
the  optimum  values  of  O  and  p,  the  curve  comes 
very  close  to  the  critical  point  and  has  a  high 
maximum  M.  Thus  the  value  of  K  would  have  to  be 
much  leas  than  that  predicted  by  the  above  meth¬ 
od,  unless  the  locus  is  modified  to  give  better 
characteristics  in  the  neighborhood  of  the  critical 
point.  That  is  probably  what  would  happen. 

The  order  of  the  servo  and  therefore  its  steady- 
state  errors  are  also  revealed  by  the  Nyquist  plot 
This  is  because  behaves  like  £/(/•>)'  at 

low  frequencies.  Thus  for  r  =  1,  the  curve  ap¬ 
proaches  the  negative  imaginary  axis  asymptoti¬ 
cally.  Fig.  14.  While  for  r  —  2  the  loop  response 
locus  approaches  the  negative  real  axis  asymptoti¬ 
cally,  and  so  on.  This  is  particularly  useful  if  only 
an  experimental  Nyquist  plot  is  available.  Then 

ix  ihti  order  cm  oe  luuou  mu  a  li  juiuwii?  uii 
steady-state  errors  can  be  obtained  from  Table  3., 
As  previously  stated,  second  and  higher-order 

Nomenclature 

e  ( * )  -■  Transformed  error 
O  =  Gain  margin 
K  ~  Scalar  gain  constant 
M(_)  =  Modulus  of  rf(Jw) 
r  -  Order  of  servo 
T  —  Time  constant 
U  ( f )  =  Unit  step  function 
Y,(fu)  =  Overall  harim  lie  response  function 
Y.ia)  =  Loop  transfer  function 
P  —  Phase  margin 
#,(«)  =  Transformed  input 
»„(«)  —  Transformed  output 
V(«)  ~  Phase  or  argument  of  Y,(jv) 
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TRANSIENT  RESPONSE  CRITERIA 
RELATIVE  DAMPING  CRITERION 


Figure  14.  Nyqutot  ptoto  msy  to  uto  to  determine  tto 
or tor,  r,  of  a  verve  tocouoo  Y.(|»)  bahsvee 
Wto  X/(M  «t  low  fmyuondos.  QonoraNaod 
NyquM  pMs  for  first  iscood  snd  ttifcd  orOsi 


ssrtps  are  inherently  um tohto.  Curro  m,  81|.  IS 
■hows  a  oociond-ordor  oorro  with  oh  tiiao  log  In 
tho  loop,  which  out  bo  represented  by  tho  reoponoo 
(unction. 


r,  (A.}  = 


t«) 


tA*)*  (l  +  *.r,) 

Thio  to  ooon  to  bo  unstable.  By  modifying  tho  re¬ 
sponse  function  to 


»V  (A*) 


X(1  +  A»T) 
(A*)1  <1  + 


(28) 


tho  system  can  be  made  conditionally  stable  if  T 
is  large  enough. 


Transient  Response  Criteria  from  Transfer  Fun* 

sUa>;  As  stated  previously.  It  is  not  practical  to 
attempt  to  exprers  the  transient  response  in  terms 
of  the  system  parameters.  Irdeed  if  n  >  4,  then 
this  Is  not  possible.  However,  an  attempt  has  been 
mode  to  give  relatione  between  the  parameters 
for  certain  optimum  typea  of  response. 

Whlteley’s  figures,  Table  4,  are  normally  for  a 
alightly  overdamped  response  (all  roots  of  char¬ 
acteristic  equation  real  and  negative).  The  figures 
are  given  for  systems  according  to  their  order  r 
and  the  degree  n  of  the  characteristic  equation. 
Whiteley  considers  a  system  with  a  loop  transfer 
function  of  the  form. 


Cr-i  n»  '♦*  *  +  c,-t  u  *'-*  +  . . . 

~  C.  fl-  +  c„.,  o  »--»  +  . . . 

+ 

4-  c,  it*  '  s' 


(28) 


t/o*r7i 


Figure  19.  A  second -order  servo  wRh  one  Urns  log  In  tho 
loop  it  soon  to  bo  unstable,  o.  The  system 
con  bo  mode  condWonaiy  stable,  b,  by  mod¬ 
ifying  tho  mpoMi  function  and  making  t 
oufTIcientty  large. 


and  Table  4  quotes  his  figures  for  the  coefficients 
C,  the  maximum  overshoot  and  the  build-up  time. 
To  Illustrate  the  use  of  the  table,  a  second-order 
servo  with  a  fifth -degree  characteristic  equation 
will  be  considered  By  substituting  values  from 
Table  4  in  Equation  29 

18  1M  a  +  U* 

T‘  (,)  •»(••  +  90a*~ »Tl* 74  (30> 

Um  scalar  gain  factor,  X  —  Q* /JR.  Hence  *he 
build-up  time  T,  =  3.85/0  -  0.62S/VK. 


Table  4— Whltsly’s  Optimum  Parameter* 
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a.  to 

hurt  on  rwponw  to  t  unit  tti?  Input. 


Relative  Damping  Criterion:  Transient  response 
to  s  step  function  is  largely  determined  by  the 
roots  of  the  characteristic  equation  G(*>  ~  0.  A 
root  of  the  form  a  =  —  a  +  j11  gives  rise  to  a  term 
of  the  form 

4e-«  (sin Of  +  coe  Ut)  (31) 

As  previously  stated,  the  magnitude  of  a  fixes 
the  time  taken  for  this  particular  component  oscil¬ 
lation  to  die  away.  The  ratio  cr/n  determines  the 
decay  of  amplitude  per  cycle  of  oscillation.  Some 
fix  the  minimum  value  of  this  ratio  as  a/11  =  0.5. 
This  gives  a  decay  in  the  ratio  of  0.206  per  half¬ 
cycle.  That  is  At/Ax  -  0.206  in  Fig.  16. 

If  0.5  is  used  as  the  minimum  ratio  of  u/°  for 
each  root  of  the  characteristic  equation,  all 
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Equation  S3  if i  a  polyvjnlal  In  a  with  real  aoef- 
flclmt*,  ao  Hurwita’  critarlou  can  be  applied.  Thin 
yields  deal  re.  relatlonahlpa  between  the  tyitin 
coefficients.  TIm  method  may  Involve  aome  tedious 
nuiTjerioal  work  alnoa  tha  dagrae  of  tha  character¬ 
istic  equation  la  doubled.  Soma  simplifying  tech¬ 
niques  have  been  developed.  Reference  436-1  but 
these  are  too  lengthy  to  discuss  here. 

Others  have  developed  similar  criteria  locating 
the  roots  in  other  restricted  regions  of  tha  a  plane. 
For  Instance,  to  insure  that  all  roots  are  In  tha 
shaded  region  In  Fig.  17b,  magnitude  of  all  the 
real  parts  of  the  roots  is  made  greater  than  a  cer¬ 
tain  value  This  means  tha  total  oscillations  will 
decay  within  a  time  determined  by  a,. 


* 

a  » 


the  roots  must  lie  In  the  region  of  the  *  'plans 
shown  shaded  in  Fig.  17o>  Making  this  restraint 
permits  the  Nyqulst  and  Algebraic  stability  cri¬ 
teria  to  be  modified  »  that  they  become  relative 
as  well  as  absolute  criteria.  This  can  be  moat 
easily  dona  with  the  algebraic  criteria.  The  modi¬ 
fied  characteristic  equation  is 

O'  (•}  =■  O,  (a)  «?,(*)  =0  (S3) 

when 


<«*)  =  s«r*  -4  w-i‘  a*1  4- . . . 

*4  «i  «-<■-*•/*  a  4  a*  rv* 

O*  (a)  =  •_»"  4  «f‘  *•-*  +  ...+  *!  a<"-‘»<»  a  4  «, 

and 


tan  A  =  -  (SS) 

0 


Figure  17.  tf  0.5  is  accepted  aa  a  minimum  for  a/O.  eN 
roots  of  the  characteristic  equation  must  fall 
within  tho  shaded  zona  at  a.  tf  all  roots 
fail  within  the  shaded  zone  at  6.  total  oscMU- 
tions  wMi  decay  in  time  determined  by  ou. 


7.2.4  Analyzing  a  Servo  System 

Transient  response  criteria  provide  methods  which 
are  particularly  suited  to  the  analysis  of  relatively 
simple  servo  systems  Correspondingly,  the  equa¬ 
tions  for  the  system  must  be  relatively  manageable. 
A  simple  position  control  servomechanism  w‘  1  be 
analysed  in  this  Sub-Topic.  Sub-Topics  (.2.1 
through  7.2.3  have  outlined  the  fundamental  con¬ 
cepts  of  closed-loop  control,  briefly  discussed  the 
mathematics  of  control  systems,  and  outlined  per 
fonnsnor  criteria.  This  Sub-Topic  illustrates  the 
applies!  m  of  this  material. 

fwlUw  Osatrsl  Serve:  Function  of  the  position 
control  system.  Fig.  1,  is  to  insure  alignment  be¬ 
tween  two  yhsft«-  Potentiometers  attached  to  the 
input  and  output  shafts  give  voltages  which  are 
proportional  to  the  input  and  output  displace¬ 
ments,  respectively.  Tuan  voltages  srt  subtracted, 
and  the  difference  between  them  gives  a  measure 
ot  error,  or 

v.  =  v,  —  vt  —  pc»,  -  #.)  =  p*  in 

where  the  voltage-displacement  ratios  of  tha  two 
x> ten tio  meters  are  taken  to  be  equal  and  constant. 
This  error  voltage  U  then  fed  to  an  electronic  am¬ 
plifier. 

The  amplified  voltage,  V  =  KmVt,  is  then  applied 
to  a  dc  motor  which  gives  a  roughly  oroportional 
torque,  thus 


T  -  Km  V 


(21 


< 


7.2.4  -1 


ISSUED:  MAY  I«b4 


DYNAMIC  ANALYSIS 


POSITION  CONTROL  SERVO  ANALYSIS 


Figure  I.  Thh  simple  position -control  as nmmdwnlwn  It  imd  to  IHurtrate  tho  application 
of  eonra  theory  to  so  actual  system.  Function  of  tho  system  hi  simply  to  ratals 
tho  output  stunt  to  tho  oomo  position  as  that  of  tbs  Input  shaft. 


This  torque  in  driving  the  output  shaft  is  op* 
posed  by  a  load,  which  in  this  case  is  the  m*ult  of 
an  inertia  /  and  a  damper  /.  This  load  is  inclusive 
of  the  inertia  and  mechanical  resistance  of  the 
motor  itself.  Relationship  between  the  output  dis¬ 
placement,  and  torque,  T.  is,  therefore. 


/ 


Of*  dt 


=  r 


<31 


Laplace  trsnaformatkm  ot  Equation  S,  taking 
rero  initial  conditions,  results  in  the  transfer  funs* 
tion. 


K  1 

>-  *  wTS- 

It  is  now  possible  to  construct  a  block  diagram 
for  the  complete  system.  Fig.  2a.  This  differs 
from  the  conventional  block  diagram  of  »  closed- 
loop  system  ip  that  quantities  proportional  to  the 
output  and  input  are  subtracted  at  the  differential, 


rather  than  the  quantities  themselves.  If,  how¬ 
ever,  the  constants  of  the  potentiometers  are  equal, 
then  it  is  possible  to  redraw  the  diagram  in  the 
conventional  manner.  Fig.  2b.  Here  the  poten¬ 
tiometer  constant  Is  included  In  the  loop  trans¬ 
fer  function.  This  change  is  made  purely  to  con¬ 
form  with  normal  practice  In  representing  servos 
by  block  diagrams. 

It  can  be  seen  thnt  the  loop  transfer  function 

is  Riven  by 


*.  * 

- <*>  =  V,  <»»  = - - - — —  '#* 

I  / 

where  K  =  Then  the  overall  transfer 

function  is  given  by 


(»)  =  r,  <»> 


k/ 


JTt*  +  f*  +  MC/ 


iSl 
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In  dealing  with  quadratic  factors  such  aa  the 
denominator  of  the  transfer  function  in  Equation 
0,  It  la  very  helpful  to  adopt  a  well-known  nota¬ 
tion  Then  Equation  (I  can  be  written  os 

•*  **»'1 


■{?  v 


iN> 


/  -  ,  .  .  .  'Mi 

vT  X.  Rm  ji  J 

The  servo  aywtem  is  absolutely  stains  provided  / 
is  positive;  In  order  to  determine  its  relative 
stability  by  transient  response  methods  it  is  nec¬ 
essary  to  determine  the  roots  of  the  character¬ 
istic  equation.  In  this  case  the  roots  are  located 
in  the  left  half  of  the  a  plane  aa  shown  in  Fig.  3 

Once  the  roots  have  been  found,  the  reaponae  of 
the  system  to  a  unit-step  function  Input  cun  be 
found.  The  type  of  response  depends  on  the 
value  of  {.  If  {>1  the  response  la  purely  ex¬ 
ponential.  but  if  f  <  1,  the  reaponae  also  contains 
oscillatory  components.  Demarcation  between  the 
two  types  of  responsible  exists  when  {  -  1  and  in 
called  the  critically  damped  caae.  Expressions  for 
the  response  to  unit  atep  function  input  for  vari¬ 
ous  values  of  £  are  given  in  Table  I.  while  Fig.  4 
plots  these  responses  for  numerical  values  of  (. 

In  this  application.  K„  the  gain  of  the  amplifier. 


*  p»on« 


Figure  3.  Roots  of  the  characteristic  aquation  ar*  located 
in  the  left  half  at  ttw  *  plane.  Relative  stability 
of  the  servo  is  determined  by  these  roots. 


Figure  4.  Response  st  a  servomechanism  with  a  quadratic 
ctoractartsttc  aquation  to  a  unit  stop-function 
input  for  various  vsMmmi  of  (. 


la  aa  easily  adjusted  para  mater,  and  may  he  set 
to  give  optimum  response.  Often,  C  =  0.6  is  tskxaa 
aa  the  moat  desirable  cans.  If  this  value  is  substi¬ 
tuted  in  Equation  8a.  I.  becomes 


r 

KmJfi 


CM 


In  some  applications,  however,  it  may  ha  nao- 
eeanry  to  have  a  move  heavily  damped  rm po— ■ 
Ftor  instance  by  choosing  {  -  0.8,  very  little 
ovet  shoot  or  oacUlatkm  is  obtained.  Fig.  4.  This 
Increased  damping  onfort  .inately  results  In  n  moro 
sluggish  response  with  a  longer  build-up  time. 

This  servo  is  of  the  tint  order  as  shown  by 
Equation  5.  Therefore,  it  has  nerd  steady-state 
positional  error.  Here,  however,  positional  ac¬ 
curacy  really  depends  on  the  accuracy  of  the  poten¬ 
tiometer*.  In  reaponae  to  a  unit-velocity  Input. 
€/(#)?,  tber*  m  ■  w«mv  following  error  w  i /K. 
Thus  the  so-called  velocity  error  can  be  reduced 
by  increasing  Km,  but  here  again  improvement  is 


Table  1 — Response  to  Unit  Stop  Function  Input 


Value* 

of  (  Response  Equation 


>1 

#.<t)  --  1 

—  «*■>,< 

cosh  y  t  4- 

- - - —  sinh  y  f  1 

=  1 

#.<t>  -  1 

-  erV  (1  +  «„t> 

<1 

•„(t)  -  1 

-  e  *"«' 

r  «w  ji  » + 

- - - sin  jj  t  | 
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achieved  ■<  th«  coat  of  ndudai  aUblUty.  tniiysiii  by  transient  methods  bpromu  imtrwndy 

la  Moat  practical  servos  Um  tgnultom  will  be  difficult,  mid  frequency  response  techniques  will  have 
cmplictUd  by  time  lap  to  the  control  equipment  to  hr  used. 

Suppose  that  ’n  the  present  case  there  is  a  time 
la«  r  if  the  motor  between  the  application  of 

voltage  V  and  the  development  of  torque  T.  Math-  7.2.5  Methods  for  Determining  Transient 
ematically  this  can  be  written  Response  of  Servo  Systems 


r  Km 

—  (*)  -  <i0> 

V  1  +  r» 

The  loop  and  overall  transfer  functions  of  the 
complete  system  now  become,  respectively, 


The  stability  of  the  system  is  now  dependent  upon 
the  magnitude  of  K.  Also,  the  increased  complexity 
of  the  transfer  functions  makes  analysis  by  transient 
response  methods  very  tedious.  In  the  earlier  case, 
in  which  there  were  no  time  lags  in  the  control  equip¬ 
ment,  it  was  possible  to  analyse  tiie  system  by  tran¬ 
sient  methods,  because  the  assumptions  made  kept 
the  system  equations  fairly  simple.  As  more  complex 
systems  are  encountered,  it  will  he  found  that  their 


ti  -  Error 

f  —  Viscous  damping  coefficient 
J  =  Moment  of  inertia 
It  —  Overs  1  gain  constant 
IT.  —  Amplifier  gain  constant 


«  =  Laplace  operator 
T  ~  Torque 
t  —  Time,  varlatte 
V  =  Voltage 

f.(i)  =  Overall  transfer  function 
f.(»)  =  Loop  transfer  function 

m  —  Real  port  of  complex  conjugate  root 

—  i 

ft  —  Voltage  displacement  constant  of  po 
tautlometer 

T  =  «.  V  f,"zrt  for  f  >  1. 

C  ~  Damping  ratio 
*i  —  Input  rotation 
*•  =  OULput  rotation 
v  —  Time  constant 
®  =  Imaginary  part  of  complex  root 
=  a,  V  1  —  f*  for  f  <  1 
«,  =  Modulus  of  complex  conjugate  root 


7. 2.5.1  RELATION  BETWEEN  TRANSIENT 

RESPONSE  AND  FREQUENCY  RESPONSE 
The  usefulness  of  frequency-response  techniques  in 
the  design  of  closed-loop  systems  is  that  the  charac¬ 
teristics  of  the  component  elements  of  the  loop  can 
!>o  combined  by  simple  arithmetical  manipulations  of 
addition  and  multiplication.  Also,  since  the  relation¬ 
ship  between  open-loop  and  closed-loop  characteris¬ 
tics  is  clear-cut  in  the  f requency  domain,  it  is  possible 
to  use  open-loop  curves  for  system  design. 

Pure  sinusoidal  input  functions  are  unlikely  to 
be  encountered  in  practice,  and  the  responae  to 
more  realistic  inputs  should  be  considered.  In  an 
attempt  to  represent  severe  demands  on  the  sys¬ 
tem  a  designer  usually  considers  impulse,  step, 
and  constant-velocity  input  functions.  Although 
these  are  rather  idealised  inputs  it  is  possible  to 
assess  responae  to  their,  in  terms  of  a  few  simple 
criteria. 

The  task  of  determining  response  to  these  or 
more  general  inputs  is  very  difficult  for  other 
than  Bimple  systems.  To  attempt  to  design  com¬ 
plex  servos  in  terma  of  transient  responae  would 
be  tiresome  unless  special  techniques  were » avail¬ 
able.  In  earlier  sections  some  simple  empirical  re¬ 
lations  between  frequency  and  transient  response 
were  given.  But  these  are  not  rigorous.  Hence,  even 
if  the  frequency  response  is  satisfactory  accord¬ 
ing  to  gain  and  phase  margins,  etc.,  it  is  not  cer¬ 
tain  that  the  transient  response  will  be  at  all  satis- 
factory,  Tnsr^for?,  ■  f jus."  cJiccIc  os  vs!- 

ues,  it  is  highly  desirable  to  plot  the  transient  re¬ 
sponse,  usually  to  a  step-function  input.  This  may 
be  approached  either  from  knowledge  of  the  har¬ 
monic-response  function  or  directly  from  the  trans¬ 
fer  function.  Of  these  the  latter  is  perhaps  more 
general,  although  the  former  is  very  convenient. 

As  a  ba-kground  for  1  techniques  to  be  out¬ 
lined.  the  simple  concept  of  frequency  response 
will  be  a  starting  point  and  from  it  the  idea  of 
Fourier  and  Laplace  transforms  will  be  developed. 

Fourier’s  Theorem:  More  general  types  of  func¬ 
tions  than  sinusoids  are  general  periodic  functions. 
Fig.  1.  Here  the  repetition  period  is  T.  Fourier’s 
theorem  is  a  mathematical  way  of  saying  that 
the  periodic  function  cvn  be  broken  down  into 
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a  constant,  or  "dc,”  component,  plus  &  fundamental 
•ine  wave  of  period  T,  plus  second,  third  anti  high¬ 
er  harmonic  components.  Mathematically 

»<(<>  -  y:  <i> 


111  us  each  component  ia  amplified  and  phase-shifted 
according  to  the  value  of  F,(j«)  at  it*  particular 
frequency.  Diagrammatically  thla  can  be  illustrated 
by  means  of  a  frequency  spectrum  for  £«<.#).  This 
is  shown  in  Pig.  2a;  Fig.  2b  shows  a  typical  re¬ 
sponse  function.  These  may  be  combined  to  give 
the  spectrum  of  the  output  as  shown  in  Fig.  2c. 


where  m  -  2 :W/T  -  fundamental  frequency. 

For  convenience,  the  exponential  form  has  been 
used  for  harmonic  components.  Hence  the  c,  coef¬ 
ficients,  denoting  the  relative  amplitude  and  phase 
of  each  component,  are  in  general  complex.  They 
are  determined  by 

c  ------  f  ttdie-W  dt 

T  J-t/i 

An  important  feature  of  linear  systems  is  that 
the  response  to  an  input  containing  several  com¬ 
ponents  is  the  sum  of  the  responses  to  the  separate 
components.  Thus,  in  this  case,  the  response  is 
the  sum  of  responses  to  the  dc  term  and  funda¬ 
mental  and  higher  harmonics.  Thus  if  F«(j«)  hi 
the  overall  harmonic-response  function  for  fre¬ 
quency  «,  the  system  output  is 

m 

0Jt)  =  y,  (j Itwcie*-”.'  (3) 


-u 


Figure  1.  Periodic  input  function.  By  meant  of  *  “  ****'**  *°  eV‘IU"t* 

dc  component,  »nd  fundsmentsl  ind  higlier  harmonics. 
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Figure  2.  Th*  spectrum  of  a  periodic  input,  shown  by  magnitude  and  phase  curves  at  ». 

The  spectn  m  occurs  at  discrete  multiples  of  the  fundamental  frequency  The 
amplitude  jnd  phase  curves  of  a  typical  system  are  shown  at  b.  These  act  on 
the  input  spectrum  to  produce  the  discrete  output  spectrum  at  c. 


Although  more  general  than  sinusoidal  func¬ 
tions,  periodic  functions  are  still  too  restrictive 
to  be  classed  os  general  inputs.  Therefore,  can  the 
spectrum  ideas  be  extended  to  au  aperiodic  func¬ 
tion,  Fig.  3a?  This  can  be  done  by  the  Fourier 
integral  theorem,  which  states  mathematically 

#,(!)-=— —  (4 > 

2i7  J  ,m 

Equation  4  is  developed  from  Equation  1  by  first 
assuming  function  6({t}  to  be  part  of  a  periodic 
wave  of  very  large  period  T.  Such  a  periodic  wave 
wouid  have  a  discrete  frequency  spectrum  of  spac¬ 
ing  2t r/T.  Then  if  T  is  considered  to  become  in¬ 
finite,  the  segment  of  the  periodic  wave  becomes 
the  aperiodic  function.  Also  the  spectrum  closes  up 
and  oecomes  ultimately  a  continuous  curve.  Fig.  3i>. 
Then  instead  of  definite  components  at  0,  »o,  &*»o, 
.  .  .  ,  the  harmonic  components  become  oontmuo’M- 
ly  distributed  throughout  Ml  f.reque-’.i.ie'i',  An 
amount  Qt(j<*)<h,  can  he  thought  of  to  lie  in  the 
range  w  to  +  c£<».  The  upectrai  function.  is  given 
by 


%{}*)  - 


(i(U)ei*1  dt 


(6) 


where  &t(t)  and  0 are  said  to  b«  a  Fourier 
transform  pair. 


Once  again  the  system  responds  separately  to 
each  component  Oi( j«>)dw  ey*’  so  that  the  output 
is  given  by 

•«(f) /  et(ju,)rt(M^ldu  {«) 

2  v 

If  the  input  spectral  function  can  be  found,  the 
output,  response  can  be  evaluated  from  Equation  8. 
Moat  of  this  p nrt  of  this  active  wiii  be  devoted 
to  approximate  methods  of  achieving  this.  These 
approximations  have  to  be  used  because  it  is  often 
impossible  to  obtain  Q{(ju>)  explicitly.  The  neces¬ 
sary  condition  for  doing  so  is  that 


Nomenclature 


ji  <  t)  =  Response  to  unit-step  function 
a  ~  Complex  frequency  variable 
T  =  Periodic  time 
t  Time  variable 

U(u).  V<«>  -  Real  raid  imaginary  parts  of  Y,(jw) 
u(t)  ~  Unit-step  function 
W(t)  ~~  Weighting  function 


«%(*)  Overall  tw>pl«  frequency-response 
function 

3  (t*  Unit -Imputes  function 

©*(»>,  tM#)  “  ’l’ranformetl  input  and  output 
*,(0,  t0lt)  =  Input  and  output. 

u  ~  Frequency  variabt 
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Fig  •  3  For  a  general  aperiodic  input  function  frequency, 
components  do  not  occur  at  discrete  values  but 
are  distributed  continuously.  Fourier  integral 
enables  one  to  obtain  (or  a  general  (unction  at 
a  the  continuous  spectrum  at  b. 


f  |*i(0  |d* 

exists  as  a  finite  value.  This  is  not  easily  satisfied ; 
for  example,  step-function  input  violates  this  con¬ 
dition;  For  this  reason  the  Laplace  transform 
method  is  much  more  powerful. 


Lupinee  Transform  Method:  Briefly  this  method 
splits  Oi(t)  into  damped  sinusoidal  components, 
e“,  where  a  -  a  +  .i*.  each  component  beii.g  04(a) 
e"'da.  Since  a  is  complex,  o((s,'  is  a  functio  i  of  a 
couipiex  variable.  Analogous  to  E<iu«  tlwS  S, 
celled  the  Laplace  transform  ol'  $, ( t )  „  is  givm  by 

<», < )  -  1  (7) 

J  o 

A  lower  limit  of  0  is  taken  since  practical  input 
function*  must  hove  a  time  origin 

The  tasx  of  ^covering  04(f>  from  040)  in¬ 
volves  a  difficult  contour  integration,  rhus 


r«) 


— —  /  6,  ( 9 )  e«(  da 

2  Jc 


(8) 


The  contour  chosen  is  a  line  parallel  to  the  <u  axis 
to  the  right  of  ail  a  ngularities  of  04(s) .  Evalua¬ 
tion  of  Equation  3  is  normally  a  specialist's  task, 
hut.  standard  tables  exist  for  many  functions. 


Again  by  linear  superposition,  the  output  is  the 
sum  of  the  responses  to  the  component  damped 
sinusoids.  Thus  the  output  complex  frequency  spec¬ 
trum  i“  given  by  Oo(s)  =  Ya(s )  ©4(s).  Aa  a  time 
function, 

•«,<*>  -  — f  y,(a)iM«)e*'d*  (») 

2vj  J  c 

Methods  of  overcoming  this  formidable  integral 
will  he  discussed  in  a  later  part  of  this  article. 
Here  the  calculation  of  output  response  from 
Equation  6  i«  resumed. 


Output  Response:  The  response  to  a  8- type  im¬ 
pulse  is  called  the  weighting  function  W(t)  of 
the  servo.  The  response  to  unit  step  function  is 
denoted  by  A(t). 

The  spectral  function  of  a  8  function  is  unity. 
Thet  is,  il  contains  equal  amount*  of  all  frequency 
components.  Substituting  in  Equation  6  gives 

r* 

H'(D  -  j  re(Jo)e/“‘<U>  (10) 

Since  W(f )  must  be  sere  for  all  negative  time, 
this  can  be  simplified  to 

2  r*> 

W(t)  - - J  V (u)  cosut  a<0  (11a) 

""  -  u 

or 

-  2 

W(t)  = - I  V(u)  sin  wtriu  (lib) 

‘•7  J  <» 

Exact  evaluation  of  these  integrals  is  usually  very 
difficult,  but  a  number  of  approximate  wayB  have 
been  developed,  ar  well  aa  mechanical  computation 
aids.  Better  approximations  can  be  found  for  ^l(f) 
rather  than  for  W(t). 

Since 


A(l)  =  f  W(t)dt 
•J 

one  gets 

2  r~  K(u) 

A(f)  --  LUO)  - j  - cMuddio  >12a) 

T  J  Q  <•> 


or 


2  f-  £7U>) 

A{t)  “ - J  - s>in  wi  da; 

*.r  J  c 


{12&) 


Either  Equat  >n  12o  or  Equation  12b  can  be 
used  tc  find  A(t)  but  one  integrand  will  usually 
converge  to  zero  more  rapidly  than  the  other,  mak¬ 
ing  it  more  suitable  for  .rtpraximatum  purposes. 

Equation  12  can  he  obtained  in  a  more  illus¬ 
trative  way.  The  Fourier  integral  expression  for 
unit  step  function  is 
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1  If”  sin  *>t 

«*(<)  - - +  —  - do,  (13) 

2  it  J  o  u 

Then,  considering  system  response  to  separate 
com[)onents, 

y,(o>  i  r-  M(„)  sin  t ut  +  0) 

A  ( t )  = - —  + - I - - - du  ( 14 ) 

2  *JT  •'  o 

A  little  manipulation  then  leads  to  the  two  forms 
of  Equation  12. 

Approximate  Evaluation!  of  Integrals:  Fig.  4a 
shows  the  venation  of  a  typical  function  U («)/•» 
against  »,  and  in  Fig.  4b  sin  «t  is  plotted  against 
m.  The  product  of  these  two  functions  is  the  in¬ 
tegrand  of  Equation  12b,  Fig.  4c.  For  computation 
the  integrand  must  be  finite  at  »  =  0  and  should 
converge  rupidly.  If  not,  the  other  component  must 
be  used  or  else  some  other  artifice  used,''  Com¬ 
putational  integration  must  stop  at  a  finite  fre¬ 
quency  fl.  Errors  involved  ’a  ill  be  small  if  n  is 
chosen  sufficiently  large. 

The  order  of  error  can  be  estimated  if  U/m  or 
V/u  (whichever  is  used)  is  approximated  by  c/K* 
for  „>n,  where  c  =.  nt/(n)  or  OF(n).  Then  a 
pessimistic  estimate  of  the  error  is  2 lf(U)/ir  or 
2V(n)/n. 

A  series  of  aids  for  carrying  out  this  computa¬ 
tion  is  baaed  on  approximating  the  form  of  U/m 
or  V/m  up  to  a>  =  n.  One  method'1  approximates 
the  curve  as  the  sum  of  a  number  of  trapescxdal 
components,  chosen  by  cut-and-try,  Fif.  5a.  Then 
the  response  is  the  sum  of  the  contributions  due 
to  the  separate  trapexoida.  One  such  trapexoid  ir 
shown  in  Fig.  5b,  suitably  labelled.  The  response 
component  due  to  this  trapewid  is 


\—i—)  * 
1  j  /  * 

^  ^  h  ***  J  t 


•„<*) 


IT 


X 


(15) 


where  4,  is  the  area  o*  the  trapexoid.  All  such 
components  must  be  added.  Both  terms  in  square 
brockets  in  Equation  15  are  of  the  form  (sin  x)/x 
and  this  function  has  been  extensively  tabulated 
in  Reference  18.  By  the  use  of  these  tables  the 
qr  iputation  becomes  extremely  simple. 


Figure  4.  Typk  .l  Amedeos  invotwed  in  Fourier  integral 
calculation  of  A(f).  to,  or  i‘  («)/u  1*  ohitted 
at  a.  white  b  shows  sin  ftw  s  particular  time 
inxtsnl  t.  Ttie  product  of  these  functions  at  t  is 
tbs  required  integrand. 


In  another  method  for  performing  the  integra¬ 
tion,  17*  «  c  V/m  ia  approximated  by  straight- 
line  segments,  Fig.  6.  Once  again  component®  ef 
Mpousi  due  to  the  separate  segments  must  be 
added.  The  component  due  to  the  segment  in  the 
interval  «*.  to  *,»,  if  Equation  12b  is  used,  is 


2  T  cos  fc'„  ( 

MO  -  ---  [  — - - (a 


-  b) 


COS  U!,: 

t 


vffl  -r  b ; .  + 


- - (sin  obt  —  sin  m„t)  (16) 

( wi  —  i.'a )  t* 


If  Equation  1.2a  is  chonen,  a  slightly  different  *iqua- 
tion‘  must  be  used  instead  of  Equation  16. 

A  third  method  involves  the  expression  of  V  /<■> 
(or  V/m)  as  a  series  0*  frequency  impulses.  The 
curve  is  divided  into  strips  of  width  A<»,  h  ig.  7, 

and  height  a,.  a2  a3 . Then  each  impulse  is 

taken  at  the  center  of  a  strip  with  weight  equal 
to  the  area  of  the  particular  strip.  Thus, 


D(«) 


* 


(17) 


where  a.  _  U{ «,)/<*»• 

Note,  a  8  function  of  frequency  is  defined  exactly 


a.  Reference  1,391  <  Reference  439-1 

b.  Reference  426-1 
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Figure  7.  Approximation  by  a  sari— of  weighted  Impute— . 


Guilfemin*  has  developed  a  method  combining 
straight-line  and  impulse  approximations.  Briefly, 
the  first  or  a  higher  derivative  of  U/m  ia  approxi¬ 
mated  by  straight-line  segments.  This  approxima¬ 
tion  la  thea  differentiated  twice  to  give  a  series 
of  impulses  as  before. 

Yet  another  method  is  to  expand  U/m  as  a 
Fourier  series'*  with  2n  as  the  repetition  interval. 

For  example, 


Figure  5.  Approximation  to  Ufa.)/,,  os  V  («)/«  by  trspe- 
rn&tat  segments  Is  shown  it  a.  A  particular  trape- 
wtild shown  at  b. 


tf(»? 


Figure  6.  Approximat'd!  by  straight-line  segments. 


u  i  I  function  cf  time*,  except  that  »  is  now 
the  variable 

Substituting  in  Equation  12 b  gives 

2 Am 

Aft)-- - )  o.sir.u.t  (18) 


Vim) 


=£■■“  i~z~ ) 


(») 


for  —  Q  <  «  <  Q.  The  coefficients  can  be  calcu¬ 
lated  from 

- ain  (  — - —  )  A»  120) 

Subetitution  from  Equation  19  in  Equation  12b 
leads  to 


A(t)  =  2QainCt 


T. 


(-!)«♦»  l 


(a*  w*  -  0*  i*) 


(21) 


Usually  this  expression  converges  rapidly  so  that 
only  the  first  few  terms  of  the  aeries  need  be 
evaluated. 

Instead  of  approximating  the  characteristic  of 
the  system  it  ia  alternatively  possible  to  approxi¬ 
mate  the  input  function.  For  example,  if  unit 
step  function  input  u(t)  is  replaced  by  a  square 
wave  of  duration  T,  Fig.  8,  then  the  response  to 
the  front  step  of  the  square  will  differ  little  from 
A(t),  provided  T  is  nr,  .ch  greater  than  the  settling 
time  of  the  servo.  To  tie  in  with  system  approxi¬ 
mation  accuracy,  T  should  be  numerically  com¬ 
parable  with  ir/O.  The  simnlification  to  calculation 
occurs  if  the  square  pulse  is  considered  to  be  part 


Summation  should  stop  at  «  O  as  before.  A 
similar  method  can  easily  be  applied  to  Equation 


12a. 


a  Reference  MO-1 
d.  Reference  127-i0 
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Figure  8.  An  approximate  axprassion  for  transient  response  can  ba  obtained  If  Input  l  »  a 
rapetttive  aquara  wav*  Response  differs  little  from  step-function  raaponaa  If  T 
la  much  longer  than  ai  i  time  constant  aaaociatad  with  the  system. 


of  »  repetitive  train  of  period  2 T  (dotted  curve, 
Fig.  8).  It  la  then  possible,  by  Fourier  aerie*,  to 
approximate  the  input  by 
1  2  / 

•i  ( t )  — - 1-  - -  I  sin  ugl  + 

2  *JT  ' 


”■ —  aht  3*\j  t  +  . . .  ^  (22) 

3  / 

where  ««  =  n/T.  Considering  the  response  to  each 
component  leads  to 


4  r  c/(Sm.) 

-  I  U  (wq)  sin  uo  t  + - sin  Sue  t  + 

tr  L  a 


i  6«a  t  ] 


Similar  results  can  be  achieved  by  other  approxi¬ 
mations  to  a  step  function  which  have  finite 

duration. 


7.2.S.2  TRANSIENT  RESPONSE  FROM  TRANSFER 
FUNCTIONS 

If  8t(t)  can  be  expressed  in  terms  of  its  com¬ 
plex  frequency  spectrum  ©its)  [mathematicaiiy 
04(s)  is  the  Laplace  transform  of  0<(i )  ]  then  the 
output  spectrum  is  given  by 

e.(»)  =  r.(«)e,(«>  (24) 

Recovery  of  the  outpu  as  a  function  of  time  is 
simplified  if  a  physical  linear  system  with  con¬ 
stant  parameters  is  bei  g  considered  since,  in  this 
case,  Yc(.i»)  can  a  factored.  Thus, 


g(«  -  gt)  (a  -  *2)  ,..(*-  *m) 
(a  -  Pi )  (a  —  p2)  p„) 


(25) 


The  poles  p„  p2,  .  .  .  determine  the  natural  or 
“free-nuiaing”  modes  of  the  system.  Generally 
the  poles  are  complex  so  that  the  natural  modes 
are  damped  sinusoidal  time  functions. 

Unit-step  function  is  most  generally  chosen  as 
a  representative  input.  In  this  case  04(s)  =  1/a 


(Sub-Topic  7.t.  1).  This  relationship  may  be  substi¬ 
tuted  into  Equation  25  and  the  resulting  expres¬ 
sion  expanded  into  a  partial  fraction.  Thus 


From  a  table  of  inverse  transforms, 
that 


(26) 
it  follows 


a, At)  --  Ault)  +  (Biee>*  +  B*  «»•'  + 

...  +  B,ee„‘)»(t)  (27) 

The  coefficier  s  are  given  by 


A  -  (-1)"*-" 


[ 


YAa) 

a 


Normally  A  is  unity  (for  systems  of  order 
higher  than  one).  Poles  and  zeros  can  be  located 
on  the  complex  a  plane.  Fig.  9.  Then  if  all  poles 
are  distinct  t!  e  coefficients  can  be  found  by  vector 
multiplication.  Thus  in  Fig.  9,  where  n.  -  2  and 
♦«  —  3.  for  example. 


B,  = 


Vt  Va 
Vs  v« 


(28) 


Vectors  Vj,  etc.,  represent  complex  numbers  and 
must,  be  manipulated  accordiugly.  In  the  case 
where  more  than  one  pole  occurs  at  some  point, 
such  ac  a  term  of  the  form  (a  —  py)J  occurring 
in  denominator  of  Y,(s),  the  procedure  is  slightly 
diiFerent. 


Obviously  the  first  step  in  determining  reapome 
is  to  find  the  poles  plt  .  .  .  .  These  are  the  roots 
of  the  characteristic  equation  1  +  Y,(a)  =  0. 
The  difficulty  is  that  this  is  usually  something 
worse  tb'  Ji  a  cubic  in  a  and  my  direct  approach 
to  its  solution  wiii  likely  lead  to  considerable  toil. 
However,  ingenious  methods  have  been  derived  to 
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5  plane 

Fleur**  4.  ftMpottMi  coefficient*  can  be  obtained  front  dia¬ 
gram  showing  location  of  closed-loop  poles  end 
two*. 


erg  (1  +  Ti  »)  —  arg  «  -  arg(J  +  T*  *)  - 

argil  +  Tsa>  -  lltOdeg  +  *  380  deg  (S3) 

where  k  is  any  integer,  0,  il,  ±2, . . . 

For  some  ]  oint  a  satisfying  these  conditions. 
Fig.  10. 


r  irr, 

r  *»  ] 

L  T,  T,  J 

L  lo  ll  la  J 

Pt  “  i*  —  <hi  -  da  =  180  deg  +  k  380  deg  (35) 

Of  these,  the  second  is  the  one  fundamental  to  the 
root-locus  concept.  If  a  value  of  a  can  be  found 
to  satisfy  Equation  35,  then  the  value  of  IT  in 
Equation  34  can  be  adjusted  to  satisfy  Equation 
34.  It  is  found  that  values  of  a  satisfying  Equation 


evade  direct  solution  and  the  rest  of  this  article 
Is  devoted  to  a  br’ef  summary  of  some  of  these. 
More  detailed  discussion  is  contained  in  the  texts 
mentioned  at  the  end  of  this  article. 

Mor-t  methods  start  with  knowledge  of  the  loop 
transfer  function  Y.(a).  A  typical  example  might 
be 


K( l  +  T,  a) 

’«7TT  t7»T<i  +  t,T> 


(29) 


The  problem  now  it  to  relate  the  closed-loop  poles 
to  the  open-loop  poles  and  Eeros,  in  this  case  0, 
1/T.,  -l/TVj.  -1/3Y 


Koot-I .octis  Method:  Particularly  useful,  the 
root -locus  method  of  Evans"  traces  out  how  the 
closed-loop  poles  mo  e  in  the  a  plane  as  the  gain 
constant  K,  or  any  other  parameter  in  F,(a) ,  is 
varied.  A  very  short  account  of  this  technique 
will  now  be  given.  It  will  be  convenient  to  proceed 

_.;tL  _ _ OA  Ti 

wiLii  tut:  t'AaiupiL'  uiubcu  ui  u^uavivu  At 

lows  that 

K(1  +  T,  a) 

>%(a)  -  -  --- . . . . .  ISO) 

all  +  Ta  s)(  1  +  Ts  a)  +  K ( 1  +  T\  a) 

Obviously  the  zeros  of  Yc(a )  are  the  same  aa  those 
of  Y9(a),  but  the  poles  must  satisfy: 

— . K<1.  -+  3  1  *’  1  (31) 

a(l  »•  T...  a  j(  1  t  T,a) 

Since  .*  is  in  general  a  complex  quantity,  liquation 
31  contains  two  conditions: 

K  |  1  4-  T»  a  | 

-  1  1 -  -  i  (S3) 

|  a  |  |  1  *  T-.  a  |  1 1  +  T3  a  | 


a  Refrri'nce  i$7-l 


Nomenclature 


A,  i?i, . . .  Constants 

A(t)  Response  to  unit-step  unction 
o,i  —  Ordinates  of  t„(t) 
lt,  D j, . . .  =  Corrections  to  approximate 
closed-loop  poles 
c0,  •  •  •  —  Ordinates  of  e  ( t ) 

Sit)  —  Open-loop  reapo.i:e  tc  unit  im¬ 
pulse 

h0,  ht,  ...  -  Ordinates  ol’  S(t) 

K  ~  Scalar  gain  constant 
k  ~  Any  integer  0,  ±1,  ±2,  .  .  . 

(,,...  — '  Lengths 

to,  m'  ~  Number  of  closed-ini’?  and  loop 
zeros 

n,  n’  -  Number  of  closed-loop  and  loop 
poles 

P,  Q  =  Slope  of  gain  and  phase  curves 
evaluated  at  closed-loop  pole 
Pi,  .  . .  —  Poles 

E,  t  =  Polar  co-ordinates  of  a 

a  —  Complex  frequency  variable  <I>a- 

pmC c  Opc itttO*  } 

T,, . .  .  =•  Time  constants 
t  ~  Time  variable 
u  (O  =  Unit  step  function 
y„(a).  y,(*/  Loop  and  overall  transfer  func¬ 
tions 

s  —  Shift  operator 
Zi, . .  .  —  Zeros 

<*,  w  =  Real  and  imaginary  parts  of  * 
An,  4u,  ax  =•  Small  finite  increments 
5(f)  —  Unit-impulse  function 
p,  y,  &  =  Angles 

i  -  Small  m  nber 


l  —  —  cos  * 

Hi(»),  0„(s),  A’(s)  -  Transformed  input,  output,  and 
error 

*.(t),  *„(*).  e(t)  -  Input,  output,  and  error 

. . Angles 

t  -  -  Time  interval 


7.2.5  8 


ISSUED:  MAY  11'64 


DYNAMIC  ANALYSIS^ 


ROOT  LOCt  RULES 


Figurv  10.  Any  point  •  on  a  root-locus  must  satisfy  ths 
gain  and  pfiasa  rotations  knpiiao  by  the  char 
actaristic  actuation. 


35  lie  on  curves  in  the  a  plane.  Pig.  11.  To  each 
point  on  a  curve  there  corresponds  a  value  of  K 
necessary  to  satisfy  Equation  34. 

The  formal  definition  of  a  root-locus  is  a  con¬ 
tour  in  the  »  plane  so  that  if  the  value  of  a  at  any 
point  on  the  contour  is  substituted  in  Yt(a),  the 
argument  of  K,(a)  is  180  deg  +  fc360  deg. 

As  described  so  far,  each  point  on  the  locus 
corresponds  to  a  particular  value  of  K  so  that  ef¬ 
fectively  root-loci  tell  how  the  closed-loop  poles 
move  when  K  (s  adjusted,  other  parameters  being 
fixed.  It  is,  however,  possible  to  investigate  changes 
in  poles  as  other  parameters  are  varied.* 

Kaot-Leci  Rules:  Some  simple  rules  for  the  con¬ 
struction  of  root-loci  will  now  be  given  without 
rigorous  justification.  For  the  latter,  one  of  the 
other  references  listed  may  be  consulted. 

1.  Loci  start  on  open-loop  poles. 

2.  Loci  terminate  on  open-loop  zeros.  Here  the 
sense  of  traversing  the  w  is  in  the  direction  of 
increasing  K.  That  is,  ruie  1  corresponds  to  K  -0, 
while  rule  2  corresponds  io  K  =  oo . 

3.  Loci  appear  in  distinct  segments.  Number  of 
segiuents  equals  the  greater  m'  or  n'  (see  Nomen¬ 
clature). 

4.  Loci  occur  in  conjugate  pairs.  Phat  iu,  dia¬ 
gram  is  symmetrical  about  real  axis,  Pig.  11. 

5  For  large  a,  loop  function  Y0(a)  behaves 
like  C/a*  where  q  =  n'  —  m',  so  that  the  asymp¬ 
totes  to  ihe  loci  make  angles  (180  +  k360)  /q  deg 
with  the  positive  real  axis.  In  Fig.  it,  the  loci  be¬ 
long  to  a  system  having  q  =  3.  For  the  system  of 
Equation  29,  for  large  a,  Ye(a)s:KT1/T ST3**  so 


a.  Reference  436-1 


Figure  11.  Values  of  s  satisfying  characteristic  equation 
trace  out  continuous  curves  in  the  s  plane. 
These  am  called  root  loci.  At  each  point  K  must 
be  ed|usted  to  satisfy  magnitude  condition. 
Hence,  curves  may  be  shown  with  K  as  par¬ 
ameter  varying  along  the  contour.  Root  loci 
can  bo  drawn  tar  variation  of  other  parameters 
in  Y.(s). 


that  q  =  2  and  the  asymptote  angles  are  ±90  deg, 
Fig.  12. 

6.  Asymptotes  do  not  radiate  from  the  origin 
.bnt  intersect  at  a  point  on  the  real  axis  a,  given 
by 

—  open-loop  poles  —  1  open-loop  zeros 

*i  — - — - -  (36) 

<? 

Thus  for  the  system  of  Equation  29,  Fig.  12, 

1  I*  1  _  1  11 

Sl  2  L  T,  r,  r,  -I  *37; 

7.  On  real  axis;  loci  lie  only  in  sections  to  the 
left  of  an  odd  number  of  open-loop  poles  and 
zeros.  This  condition  is  also  illustrated  iu  Fig.  12 
which  shows  the  root-locus  for  the  system  of 
Equation  29. 

8.  Point  of  intersection  of  loci  with  imaginary 
axis  can  often  be  easily  determined  directly  by 
substituting  a  =  in  characteristic  equation  and 
solving  directly.  The  corresponding  value  of  K 
is  simply  determined  by  Routh’s  criterion. 

9.  Angle  at  which  locus  leaves  an  open-loop 
pole  is  indicative — a  point  that  can  best  be  illus¬ 
trated  by  an  example.  A  system  has  loop  poles  at 
a  =  Pi.  P2.  Ps.  P«  &ad  a  loop  zero  at  a  —  aa 
shows  in  Fig.  13.  Suppose  it  is  required  o  find 
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Figure  12.  Root  locus  for  system  of  Equation  29,  showing 
location  of  bronchos  of  locus,  asymptotes,  and 
break-sway  from  real  axis. 

the  inclination  y  of  the  locus  leaving  y,.  At  point 
on  locus  near  p,  arguments  of  'rectors  from  p\, 
.  ...  zx  should  add  to  give  an  angle  of  180  deg 
+  fc360  deg  provided  contributions  from  asroa  are 
added  and  contributions  from  poles  are  subtracted. 
Thus  the  inclination  y  can  be  found  from 


r  +  (a*  -  at  -  a*  -  a.)  =  i*>deg  t  *  s*>  deg  (sa> 

Angles  4t,  f,,  ^4,  nan  be  measured  directly, 

being  the  arguments  of  vectors  drawn  to  from 
the  other  poles  and  aa~os. 

An  exactly  similar  argument  can  be  used  to 
find  the  angle  at  which  loci  enter  open-loop  seroe. 

10.  Where  loci  exist  on  segments  of  the  real 
axis  between  two  loop  poles,  the  contour  must 
split  away  in  two  branches  from  the  real  avia  to 
satisfy  rule  2,  Fig.  13b.  If  —  a  is  the  abscises  of 
the  breek-away  point,  then  a  can  be  estimated 
by  considering  a  point  on  the  branch  very  close 
to  break  away  with  co-ordinates  (-«,  «),  >  being 
very  small.  Once  again  the  sum-of- argument  con¬ 
dition  must  be  satisfied,  and  in  this  ease  all  argu¬ 
ments  can  be  expressed  to  first-order  approxima¬ 
tion  as  proportional  to  *.  Then  t  can  be  cancelled 
from  the  equation,  leaving  an  expression  for  «*- 

In  the  example  shown  in  Ftp.  jfjr 


giving 

11  l 

- = - -  + -  (SB) 

*  *1  ~  «  *|  ~  a 

Equation  38  can  conveniently  be  solved  by  trial- 
and-rrror  methods. 

Other  rules  exist,  and  are  extensively  treated  in 
References  359-1  andiS7-l. 


Figure  13.  (above)  At  a,  diagram  illustrating  determination  of 
angla  at  which  locus  Isavs  an  opan-ioop  pole.  At  b, 
diagram  illustrating  determination  of  point  at 
which  branches  of  locus  break  away  from  real 
axis. 


Figure  14.  (right)  Root  locus  for  system  having  r,(s)  = 
K(f  +  4*)/s(l  4-  2s)  (1  +  1.6s  +  s’). 
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Example:  A  simple  example  will  illustrate  the 
application  of  the  above  ten  rules  to  the  construc¬ 
tion  of  root-loci.  Consider 


JT <  S  t  4») 

r„(*)  (to 

»<1  t  2a)  (1  f  t.«»  f  **) 

Loop  itolea  are  at  0,  0.5,  (  08  ±  0.6)).  Loop 

aero  ia  at  0.25.  Here  q  3  so  that  the  asymp¬ 
totes  are  equally  spaced  at  120  deg,  Fig.  14.  Equs- 
tion  36  shows  that  the  asymptotes  meet  at  point 
0.616,  0.  The  characteristic  equation  is 
2a*  4  4.2s*  +  3.6s*  I  (1  +  4R')i  4  K  0  (41) 

Putting  a  jm  and  separating  real  and  imagi¬ 
nary  parts  lead  to 


2u<  -  3.6  wJ  +  K  —  0  ) 
H  (K  4.2  u*  0  ) 


(42) 


Eliminating  K  and  solving  give  «■  -  d  1.17  as  the 
points  where  the  loci  cut  the  a  axis. 

The  loci  leave  the  complex  poles  at  an  angle  of 
35  deg  (rule  9). 

Now  from  rules  1,  2,  3,  4,  and  7,  it  is  possible 
to  sketch  the  full  locus  as  shown  in  Fig.  14.  Despite 
the  complexity  of  y#(a),  the  procedure  can  be 
carried  out  in  a  very  short  time.  It  is  advisable 
to  check  the  accuracy  of  the  sketched  parts  by 
checking  that  a  few  points  on  the  locus  satisfy 
the  required  conditioi  a. 


Phase- Angle  Locus  Method:  Another  approach 
to  the  task  of  loci  construction  is  to  map  the  a 
plane  with  lines  of  constant  phase  angles  for  each 
po'e  o”  zero  In  Y,(a).  Points  can  then  be  found 
at  wnich  the  total  phase  angle  adds  up  to  180  deg 
4-  k360  c'eg.  This  method,  called  phase-angle  locus 
r  e'.hod,  is  again  quite  easy  to  use.* 

With  the  locus  sketched  it  !s  now  possible  to 
indicate  the  variation  of  closed-loop  poles  with  K. 
A  simple  way  is  to  select  «  number  of  points  on 
the  locus,  and  then  to  apply  the  modulus  condi¬ 
tion — Equation  32,  for  example^ — adjusting  K  so 
that  the  two  sides  of  the  equation  balance.  Other 
quantities  in  the  equation  can  be  measured  direct¬ 
ly  from  the  diagram. 

Thi  root-locus  method  is  invaluable  as  a  de¬ 
sign  tool.  Previous  articles  have  shown  that  it 
is  necetsary  to  reitrict  closed-loop  poles  to  cer¬ 
tain  regions  of  the  a  plane.  This  restriction  sets 
a  limiting  value  of  K  and,  for  this  value,  the  com¬ 
plete  closed-loop  pole-xero  configuration  is  known. 
If  this  is  so.  It  is  an  easy  matter  to  find  the  tran¬ 
sient  response  by  the  semigraphical  r  .ethods  out¬ 
lined  by  Equations  25  to  28.  Thus  the  root-locus 


a.  Reference  .127-41 


method  permits  design  with  transient  requirements 
in  mind,  a  hitherto  difficult  task.  Although  only 
parameter  adjustment  has  been  discussed  here, 
the  method  'a  particularly  useful  in  that  suitable 
modifying  networks  can  also  be  specified  to  im¬ 
prove  performance  or  stability,  contrasting  favor¬ 
ably  with  frequency-response  methods  in  that 
transient  response  can  be  controlled  directly  Space 
shortage  prevents  a  more  complete  discussion  on 
the  use  of  root-loci  in  design,  but  more  detail  will 
be  found  in  References  ls-22,  .159-f,  4.H7-1,  127-11, 
W6-1,  and  127-2. 


Other  Methods:  To  find  the  roots  of  the  charac¬ 
teristic  equation,  it  ia  necessary  to  find  complex 
values  a  -  n  +  )«  which  satisfy 

Y0(a)  ~  1  (43) 

Nyquist’s  criterion  shows  that,  if  a  —  jm  satisfies 
Equation  48,  for  some  particular  value  of  «,  a  plot 
of  Y„  (.!<■)  passes  through  -  1,  0. 

Therefore,  it  is  to  be  expected  that,  if  «  +  jo* 
ia  a  solution,  a  plot  of  Yr(n  +  jo>)  would  also 
pass  through  -  1,  0.  In  Reference  3  it  was  shown 
that  all  points  on  the  a  plane  could  lie  transformed 
into  corresponding  points  on  the  Y„  plane  and  use 
can  be  made  of  this  fact  to  solve  Equation  43. 
Since  the  method  is  approximate  only,  the  s  plane 
must  be  divided  into  a  finite  nunner  of  points. 
One  way  of  doing  this  is  with  a  grid  of  lines 
parallel  to  the  axes,  forming  small  squares.  Fig. 
15a.  The  transformation  of  this  grid  in  the  Y , 
plane  is  also  &  grid  of  squares,  although  they 
are  “curvilinear  squares"  in  this  case.  Another 
way  of  saying  this  is  that  lines  of  constant  a  and 
constant  «  intersect  at  90  deg  in  the  Ya  plane. 

The  small-square  construction  can  now  be  used 
to  map  the  grid  on  the  Y,  plane.  First,  the  locus 
°f  (Ny quint  plot)  is  drawn,  divided  by 

equal  increments  A»  in  frequency  com  (ponding 
to  vertical  divisions  of  the  a  plane.  Then  squares 
can  be  drawn  corresponding  to  the  small  squares 
produced  in  moving  by  distance  Aa(  =  Ao>)  to  the 
left  in  the  a  plane.  Smoothing  off  the  squares,  Fig. 
15b,  gives  an  approximation  to  Y0(  A  a  +ja>). 
The  method  can  then  be  continued  to  obtain 
FD(-2Aa  +  *,).  K„(-3Aa  +  ju>),  .  .  .  and  so  on. 
Ultimately  a  value  of  a  is  found  for  which  the 
curve  passes  through  -1,0  and  the  correspond¬ 
ing  value  of  <u  can  be  read  off.  Thus  in  Fig.  15b, 
a  =  -  3a«  =  -3A«;  <u  -  5Am  gives  one  value  of  e 
satisfying  characteristic  Equation  43. 

This  method  is  often  not  successful  for  finding 
all  the  roots.  However,  in  many  practical  systems 
it  is  found  that  one  pair  of  complex  roots,  the 
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(  c )  ro  plan* 


Figure  19.  At  a,  %  plane  divided  into  grid  of  small  squares.  At  6,  transformation  of  square 
grid  into  Y  (t)  plane.  Small  square  construction  can  be  used  to  construct  this 
mesh  starting  with  Y  (fw)  plot.  At  c,  quantities  which  may  be  used  to  find  the 
derivative  of  Y„(s),  approximately,  at  point  1,  0. 


moat  lightly  damped,  dominate  the  oscillatory  part  -  i 

of  the  transient  response. 

If  the  roots  are  found  by  the  method  just  dia-  B,  -•  —  y-r - 

C'.-sse*'  a  "imp  !e  artifice  can  be  used  to  find  the  (  .  ^ 

tranai’  at  response.  Suppose  the  root  that  taa  been  v  ,ls  ' 

found  ts  pr  Then  there  is  a  term  in  An  approximation  to  the  derivative  in  Equation 

the  transient  response  given  by  B,  e"‘.  For  unit-  45  can  he  obtained  by  measurement  from  th  plot 
step  input  the  coefficient  is  given  by  of  Y,(s) ,  Fig.  15c: 


B  ^  <*  -  Pr)  Y,(«'  J 

Putting  a  pr  i-  Aa, 

lun  r  jJ 
h 

•iffl  -eO  L  p , 

llm  J"  As 
Aa--»0L  p. 


(44) 


\(p,  (-  At)  ] 

YAP,  +  A«) 

[1  +  Y.  tp  As)] 


/  in'.  \  __  aa- 

\  da  '  **rr  AaeJ* 
Thus,  for  the  component 
Pr. 

—  A  a 
~£kX 


(  8) 

of  response  due  to  r  ot 

Pr 


Expanding  I\,(pr  +  A-*)  aliout  pr,  it membering  The  conjugate  of  this  term  must  also  be  present 
that  Y  (pr)  1,  gives  finally  in  the  response  since  a,  ~  joy  is  also  a  root.  If 
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the  combined  component  of  theae  roots  dominates 
the  response,  there  results,  provided  the  system 
ia  at  least  of  first  order, 


t(l)  ait) 


2A.t 

1  -  eV  x 

AA'V^*  t  «,* 


cos  («r  t  t  4  fl ) 


(47) 


where  fi  -  tan 

A  typical  plot,  Fig.  16,  shows  that  ic  moat  cases 
there  is  some  error  for  small  values  ot  t.  The  error 
is  due  to  the  absence  ot  terns  due  to  less  impor¬ 
tant  roots. 

It  is  often  profitable  to  divide  the  a  plane  by 
radial  lines  as  shown  in  Fig.  17.  The  technique 
here  is  to  plot  the  Y ,  transformation  coi  tea pond¬ 
ing  to  radial  lines.  Any  point  on  a  line  it.  given 
by  a  —  Re1* ,  but  KuBters  at.’  Moore*  introduce 
notation 

»  -  <--  f  f  (48) 

where  £  =  -cos  0.  They  also  introduce  the  idea 
of  plotting  F,{a)  on  a  logarithmic  basin,  similar 
to  logarithmic  frequency-response  curves.14-  '•  Ref¬ 
erence  21  gives  plots  of  magnitude  and  phase 
curves  versus  log  R  for  given  values  of  £  for  simple 
lag  and  quadratic  lag  terms.  These  may  be  added 
to  give  loop  plots,  for  example,  Fig.  18.  For  cer¬ 
tain  values  of  £.  0  db  gain  and  -  100  deg  phase 
occur  at  the  same  value  of  R,  such  as  £„  and  R. 
in  Fig.  18,  and  these  values  substituted  in  Equa¬ 
tion  48  give  the  roots  of  the  characteristic  equa¬ 
tion. 

From  ..he  gain  and  phase  curves  it  is  also  pos¬ 
sible  to  calculate  the  coefficient  *fr  of  the  com- 
poneut  of  response  to  unit-step  input  due  to  a 

root  at  s  Reel  room  occur  fur  £  =  1  and,  iu 

this  case,  at  a  -  p„ 


where  P  -  jlope  of  gain  curve,  db  per  decade  For 
complex  rooti 

B,  -  — - 1 -  (50) 

P 

20  }  2.3 

where  P  —  slope  of  gain  curve,  db  per  decade, 
for  particular  £,  R  at  a  =  p,,  and  Q  =  slope  of 
phase  curve,  rad  per  der  ide,  for  sa.ee  £,  R  at  s  = 

Tr- 


Figure  IA  PW  ot  approximate  response  obtained  from 
dominant  roots  of  characteristic  equation. 
Often  them  is  -ame  error  for  small  values  of 
time,  but  the  approximation  gives  accurate  in¬ 
dication  of  overshoot  and  oscillation. 


Figure  17.  The  s  plane  divided  by  radial  lines  give?  an¬ 
other  approach  to  solution  of  cluoacteristi 
equation. 

For  each  R  there  is  a  given  £  for  which  ..g 
Y#(«)  =  180  deg  +  ic360  deg.  For  these  £  R  values 
the  gain  curve  can  be  lifted  by  adjusting  K  f  ^  cut 
the  0  db  line.  Thus  the  root-locus  conditions  have 
been  satisfied.  Since  ..he  given  values  of  £,  R  de¬ 
fine  a  curve  in  the  s  plane,  satisfying  these  condi¬ 
tions,  yet  another  way  of  constructing  root- loci, 
with  K  ca  a  parameter,  is  available. 

Lo  ating  closed-loop  poles  by  the  method  just 
outlined  can  be  tedious  since  a  wide  range  of  val¬ 
ues  of  £  and  R  must  be  covered  to  iocate  all  the 
poles.  In  order  to  reduce  the  amount  of  work  it 
would  be  convenient  to  locate  the  poles  approxi¬ 
mately  as  a  first  step.  Eiernson"  suggests  a  good 
approach  to  the  task.  First  step  is  a  cr  ude  ap¬ 
proximation  giving  three  locations  for  poles: 


a.  Reference  436-1 


u.  Reference  127-2 
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1.  A  pole  tt  s  --  where  we  is  frequency  at 
which  Bode  gain  plot,  20  logu,|F0(joi)  ],  cuts  the 
0-db  iine. 

2.  Folea  at  a,,  z2,  .  .  .  -  zeros  of  F„(s)  for  which 

l*ll  <  S*il  <C.  • 

3.  Poles  at  p,,  p2,  .  .  .  -  poles  oi  Ye(s)  for  which 

iP'i  *•»»  !p*l  '>  »<• . 

It  is  found  that  poles  distant  "rom  -Ul,  arc 
quite  accurate,  but  those  nearer  need  refining. 

step  is  to  make  a  correction  to  the  rough 
estimates.  For  example,  a  netter  approximation 
to  the  clrsed-loop  pole  near  the  kop  zero  z,  is 
taken  to  he  zy  4  dt.  The",  to  a  first  order,  d,  ia 
given  by 


dk  - 


f  '»  -  *»> 

’■  YJa) 


(81) 


A  better  approximation  to  the  pole  near  open-loop 
po'e  p,  ifl  pt  D,.  where 


O. 


Pi  i I 


(52) 


Applicatiou  cf  this  method  successively  leads  to 
rapid  convergence  toward  true  positions  for  dis¬ 
tant  poleu,  but  for  poles  near  finul  adjustment 
must  be  made  by  the  graphical  method  outlined 
in  the  last  section.  Hov  sver,  the  advantage  is  that 
a  good  idea  is  obtained  of  where  the  poles  will  he 
and  ihe  graphical  p’cts  can  be  localized. 

A  number  of  methods  have  been  devised  for 
determining  closed-loop  transient  response  from 
the  transient  response  of  the  system  with  the  loop 
opened.  For  example,  if 


K  ( l  +  Tij) 

V„<  i»  ~  . .  .  -  - -  (53'. 

Ml  4  74  s>  (1  4  T.t  ») 

then  the  response  of  the  system  to  unit  impulse 
when  the  loop  is  opened,  say  h(t),  is  the  inverse 
Laplace  transform  of  Yf(a)  and  can  easily  be  de¬ 
termined  since  the  location  of  the  loop  poles  ia 
known  to  be  0,  - l/7\,  - l/7’3.  N  »w  the  objective 
is  to  find  closed-loop  response  when  input  is  unit- 
st»p.  Jt  is  convenient  to  find  how  the  .rror  e(t) 
varies  with  time  In  this  case,  the  vranaformeu 
er»-or  E  ( * )  is  given  by 

[1  4  Y .  >)£(•-)  0,(5)  (54) 

Next  kep  ia  tc  approximate  h(t),  e(t)  and  <i4(t) 
as  u  sum  of  impu'ses,  Fig  19.  Thus, 
hit)  ~  i[h<,  <t(i)  4-  hi  3<t  -  r)  4 
k-.  Z(t  -  ■  2r)  -  \ 

li/'  c  rf<„  5(f)  -t-  e  '  r)  4-  (85) 

f_.SU  2i4 

t ,  (  f  )  !<  (  (  I  ~  r  [  S  (  t  )  +  ,  (  f  -  -  t  )  4 

■Ut  2r)  i-  ...  1 


A 


LINES  OF 
CONSTANT  ( 


Figure  18.  Value*  of  R  and  J  satisfying  ch&nctsristfc  equa¬ 
tion  must  be  such  that  gala  is  0  db  when  phase 
Is  180  dag  4  K360  degrees. 

Taking  Laplace  transforms  of  these  Jiree  quanti¬ 
ties, 

Y,  ( 5 )  =  /-[ho  4-  hi  z  4-  hi  z*  4-  . .  .  ] 

*(«)  =  r[e0  4  exz  4-  e2  z*  4  . . .  ]  (88 

9,(*>  =r[l  +  a4**  +  ...  ] 

where  z  -  e~"  (Sub-Topic  7.2.1).  Substituting  from 
Eq-ation  56  in  Equation  54  and  collecting  like  terms 
*n  z. 


(1  4-  Pk)ec  4  [(1  4-  h0)Sl  +  hi  e0l  *  4- 

[  (1  4  ho)e2  -y  hi  Ci  4  h2  e0l  4-  (57) 

.  .  .  =  1  4-  2  4-  3s  4  .  .  . 

In  this  equation,  h0,  hi,  .  .  are  known;  e#,  elt  .  .  . 
are  unknown.  By  equating  like  powers  of  z  it  is 
possible  1  c  obtain  expressions  for  the  error  co 

u  ruinates,  Lima 


€0  = 


1 

1  4-  *7 


1  +  h„  -  hi 
(I  t  h0) 2 


and  so  on 


(5S) 


A  smooth  e(t)  curve  can  be  sketched  through  the 
ordinates  so  calculated.  Finally  6,(t)  —  1  —  c(?> 
is  obtaired.  The  success  of  this  method  depends 
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*!/> 


tin 


Figur«  19.  Approximate  representations  of  h(t),  aft)  and 
«<  ‘  ).  in  this  case  a  step  function,  by  series  of 

impute?  »  Values  rw.  h . ,  c,  a,, ...  are  sue* 

cesslve  ordinates  of  h(t)  and  aft)  at  Intervals 

of  r. 


largely  on  selecting  r  sufficiently  small,  about  1/20 
of  any  oscillation  period  expected  in  the  response. 

A  similar  method  is  to  attempt  to  express  the 
transform  of  the  output  directly  as  a  power  series 
in  z,  thus 

e.(a)  = - 

«[1  + 

=  r(oo  +  at  z  ■+■  02  +  . . .)  i *V&) 

Transforming  gives 

•At)  =  *■[««,  «it)  +  a,  «'(  -r)  + 

«,*((- 2r)  H- ...)  (SO) 

Here  a«,  aj,  6,,  .  .  .  give  output  ordinates  at  tones 

t  =  0,  t,  2t . The  difficulty  lies  in  Miring 

the  expansion.  Equation  99.  In  the  left-hand  aUe 
a  must  be  replaced  by  1/rOog  a),  but  the  result 
cannot  be  expanded  aa  a  power  aeries  in  s.  How¬ 
ever,  by  replacing  differentiation  by  difference  of 
ordinates,  it  ia  possible  to  obtain  suitable  approxi¬ 
mations.  The  simplest  of  these  ia 

— HSf) 

Substituting  Equation  61  for  a  in  the  left-hand  ride 
of  Equation  59  permits  a  suitable  expansion  in 
powers  of  z.  Effectively  the  system  has  been  de¬ 
scribed  by  a  linear-difference  equation  rather  then 
fay  a  differential  equation. 


7.3  VIBRATION  AND  SHOCK  ANALYSIS 
7.3.1  Genera! 

Vibration  is  a  periodic  or  random  displacement  of  a  body 
from  its  equilibrium  position.  Ail  bodies  possessing  mass 
and  elasticity  are  subject  to  vibration  along,  or  transverse 
to,  any  axis  of  the  body. 

Vibrations  may  be  free  or  forced.  Free  vibration  in  an 
elastic  system  refers  to  a  system  free  of  impressed  forces 
but  under  the  action  of  forces  inherent  in  the  system  itself. 
A  freely  vibrating  system  will  vibrate  at  its  natural 
frequency  or  frequencies.  Forced  vibration  refers  to  a 
vibi  sting  systtui  under  the  excitation  of  an  external  force 
(forcing  function).  The  frequency  of  the  exciting  force  is 
independent  of  the  natural  frequency  of  the  system.  When 
the  frequency  of  the  exciting  force  coincides  with  one  of 
the  natural  frequencies,  resonance  may  occur. 

The  -■  nplest  form  of  periodic  motion  is  simple  harmonic 
motion,  which  can  be  represented  by  the  sine  or  cosine 
functions.  A  periodic  motion  which  is  not  harmonic  can 
be  represented  by  a  series  o.  harmonic  motions  (Fourier 
series)  which  have  frequencies  that  are  multiples  of  the 
given  frequencies.  The  firs;  term  in  the  series  is  railed 
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the  fundamental,  »r<l  bus  tin;  suine  frequc ncy  u».  that  of  the 
[m*t  iodic  motion.  The  seeovd  term  has  a  frequency  equal  to 
twice  the  fundamental,  and  is  known  as  tin  second  har¬ 
monic,  etc. 


7.3.2  Harmonic  Melton 


Harmonic  fiction  may  be  represented  by  the  following 
equations : 


ihsplacement 


X  X  sin  «.l 


(Eq  7,3.2*) 


Velocity 

x  X cos  <,>t  X<»  sin  f  Eq  7.3.2b) 

Acceleration 

(Eq  7.3.2c) 

x  X««-  sin  «.t  Xi..-  sin  (<»t  f  *■) 

where  «  2»f  angular  frequency  of  the  motion, 

rad  sec 


f  frequency  of  motion,  cycles/see  (cps) 
X  amplitude  of  displacement,  in.,  ft. 


Thro-  equations  con  be  represented  by  vectors  rotating  with 
velocity.  »t.  as  shown  in  Figure  7.3.2. 


The  vwu  -  with  magnitude  Xw  represents  the  .elocity,  arid 
n  '*s  ahead  of  the  displacement.  The  acceleration  vector, 
X-  ,  is  lSt  ahead  of  the  displacement.  These  anglea  are 
r riled  phase  angles. 


7.3.3  Natural  Frequencies  of  Spring-Mass  Systems 

The  natural  frequency  is  the  free  vibration  frequency  of 
a  system.  The  natural  frequencies  t  f  a  multiple  uegree  of 
freedom  system  are  the  frequencies  of  the  normal  mod  g 
of  vibration.  The  equations  for  calculating  the  natural 
frequencies  of  some  common  systems  are  given  in  Table 
7.3. :t. 


7.3,4  Elements  of  a  Vibratory  System 

The  elements  of  a  vibratory  system  include  «  macs,  a  spring, 
and  a  damper.  A  mass  is  a  rigid  body  which  in  a  vibratory 
system  stores  kinetic  energy  and  has  an  acceleration,  x, 
proportional  to  the  force,  F,  acting  on  the  m;-ss 

F  -  m£  (Eq  7.3.4«) 

A  spring  provides  a  means  for  muring  potential  eivr  -y. 
rl  he  ideal  spring  is  linear  and  is  aosumwi  to  h.uve  no  mass. 
The  change  in  length  x.  of  p.  linear  spring  is  proportional 
to  the  force,  F,  acting  along  its  length 

F  kx  (Eq  7,3.4b) 

wher*  \  is  the  spring  constant  or  stiffness  factor.  Stiffness 
facti  ;i  for  some  springs  and  shafts  are  presented  in  Figure 
7.3.4a. 

A  damper  provides  a  means  of  absorbing  energy.  Two  com¬ 
monly  used  types  of  dampers  are  presented  in  Figure 
7.3.4b.  In  the  viscous  damper,  the  absorbed  energy  is  due 
to  viscous  friction.  The  applied  force  ss  proportional  to  the 
velocity  and  can  hr-  expressed  by  the  equation 

F,  =  ex  (Eq  7  3.4c) 

where  Fl(  —  viscous  damping  force 

c  =-  coefficient  of  viscous  damping 
x  —  veiocity 

In  coulomb  damping,  the  energy  absorbed  is  due  to  the  fric¬ 
tion  between  solid  members.  The  coulomb  frictional  force 
is  independent  of  the  displacement  ar.d  frequency  of  the 
vibrating  mass  and  is  expressed  by  the  quation 

F  ^  /x  N  (Eq  7.3.4d) 

where  m  is  t  coefficient  of  friction  and  N  is  the  normal 

load. 


7.3.5  Systems  with  One  Degree  of  Motion 

A  mechanical  system  capable  of  vibration  is  shown  in  Fig¬ 
ure  7.3.5a.  ’.  he  different  cases  of  vibratory  motion  are  dis¬ 
cussed  as  follows: 

CASE  I  Free  Vibration  Without  Damping  F(t)  =c  =  0 

If  the  mass  is  displaced  from  its  equilibrium  position  and 
released,  the  system  will  undergo  harmonic  oscillations. 
The  sum  of  the  forces  acting  on  .he  mass  must  equal  zero 

Acceleration  ,  Spring 
Force  ^  Force  ~ 

The  equation  of  motion  is 

m  X  +  kx  =  0  (Eq  7.3,5a) 

and  the  general  solution  of  Equation  (7.3.5a)  is 

X  =  A  COS  W„t  +  B  Sin  w„t  (Eq  7,3.5b) 

A  and  B  are  constants  which  must  be  determined  from 
initial  conditions.  If  the  mass  ie  displaced  a  distance,  x„. 
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T*  7.3.3.  Equations  to  Calculate?  Natural  Frequencies  of  Some 
Common  Systems 


wn  -  ANGULAR  NATURAL  FREQUENCY..  RADIANS/Sfc'C 
k=  SPRING  STIFFNESS,  L8/IN 
It,  -  TORSIONAL  STIFFNESS,  LB-IN/RADIAN 
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Figure  7,3.4a.  Stiffness  Factors 


Figure  7,3,4b.  Common  Damping  Devices 


m  MASS 

k  Sr RING  CONSTANT 
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POSITION 
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Figure  7.3.Se.  Mass,  Swing,  Dashpot  System 


and  released  with  an  initial  velocity,  xw,  the  initial  condi¬ 
tions  at  t  --  0  are 

x  —  x«„  x  =  x„  (Eq  7.3.5c) 

and  the  specific  solution  of  Equation  (7.3.5a)  is 
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(Eq  7.3.5d) 


x  x„  cos  «>„t  I  —  sin  <..„t 


where  the  undamped  natural  angular  frequency  of  vibra¬ 
tion  in  radians/src  is 


The  period  of  vibration  in  seconds  is 


The  natural  frequency  in  cycles/see  (cps)  is 


~  /- 

2jt  \  m 


(Ec;  7.3. 5«f) 


(Eq  7.3.5*) 


CASE  II  Free  Vibration  With  Viscous  Damping  F(t) 

0;  c  =■  constant 

The  equation  of  motion  is 

mx  f  cx  -1-  kx  0  (Eq  7.3.5g) 


and  its  general  solution  is 


where 


Si.  2  — 


x  —  Ae8.'  4-  Bes7 


(Eq  7.3.5H) 


=  [  -  c  ±  w-  i  J  <*>.. 


c,.  —  2m  o>„ 


(Eq  7.3.51) 


(Eq  7.3.5J) 


(Eq  7.3.5k) 


r  is  .■ailed  the  damping  factor  and  c.  is  denoted  the  critical 
damping  .efficient. 

If  f  >  1  (overdamped),  the  motion  is  r.ot  periodic  and  no 
vibration  takes  place  (aperiodic  motion)  ;  thus 

(Eq  7.3.51) 

x  ~  Ae  -)-  Bg  [  ;  vT1  r  l  <*>,, i 

If  .1  <  1  (light  damping),  the  radical  of  Si.i  is  imaginary 
and  motion  is  oscillatory;  thus 

(Eq  7.3.5m) 

x  — -  e  ■{  (Cel ^ 1  De  ^ 

If  it  1  (critical  damping),  the  body  "eturns  to  the  equi¬ 
librium  position  in  the  shortest  time  without  oscillation; 


CASK  III  Forced  I'ihration  Mi  lit  Viscous  Damping  F(t ) 
F  sin  »ut,  c  constant 


If  the  h  rmnnic  driving  fore?  is 

F(t)  K„  sin 


(Eq  7  3.5o) 


where  F„  the  maximum  value  of  the  force  and 

the  angiilni  frequency  of  the  driving  force,  he 
equation  of  motion  may  be  written  as 

in  .  I  cx  I  k  F„  sin  (Eq  7.3.5p) 

The  result  ing  solution  consists  of  two  parts,  (1)  free 
damped  vibration  as  represented  by  the  three  types  for  free 
vibration  with  damping,  Equation  (7.11.5h),  and  (2)  a  par¬ 
ticular  solution  expressed  by  the  steady-state  oscillation 
which  remains  after  the  damped  motion  of  the  transient 
solution  dies  out. 


The  steady-state  oscillation  is  represented  by 

x  -  X  sin  <f>) 


(Eq  7.3.5q) 


where  <*>  is  the  phase  angle  by  which  the  motion  lags  the 
impressed  force,  and  X  is  the  amplitude  of  steady  oscilla¬ 
tion. 

If  i  >  1,  the  complete  solution  for  an  overdamped  system  is 


x  =  Ae  i-C4vr?  ii-v  4-  Be  1  f  Ff-  'i*v 
4-  X  sin  (w,,t  <f>)  (Eq 


(Eq  7.3.5r) 


If  (  <  1  (light  damping),  the  displacement  is 


X  [Ce*  V  1  ^  PC'  '  ^  1  ^  ] 

4  X  sin  (<u,,t  <h)  (Eq  7.3.5s) 

If  (■  ■=■  1  (critical  damping),  the  displacement  is 

(Eq  7.3.5t) 

x  (F.  4  Ft)  e •"«'  (  X  sin  —  4>) 

where  ud  -•  2irf,i  angular  frequency  of  driving  force 


Differentiating  Equation  (7.:hf>q)  for  x  and  x,  and  substi¬ 
tuting  into  Equation  (7.3.f>r) 

(Eq  7.3. 5u) 

m«>,r  X  sin  (<..t  <^>)  ■  c<<»,,X  sin  ^ * > >, ■  1  <i>  )■  — ^  ^ 

kXsin  (<.Mt  <f>)  \  F„  sinw.it  o 


V  (L  nt.l.,|  )  !  ^Clr.l) 


(Eq  7.3. 5v) 


x  -  (E  4-  Ft)e  1 


(Eq  7.3.5n) 


tan  4>  —  — -  (Eq  7.3  ,  t 

k  in...,,' 
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Let 


X.  "jj-  xero  f'eauency  deflection  of  mu** 
under  impressed  force,  F 


Then  the  magnification  factor  (■  eady-state)  is 


(Eq  7.3.5.x) 


X 

x; 


il- fey  I'p-sy 


2 :  -- 


tan  ^ 


wn 


(“) 


(Eq  7.3.5y) 


TK*  magnification  fee  tor  is  the  ratio  of  the  amplitude  of 
steady  oscillation  t<  the  deflection  of  mass  under  tho  stati 
force,  F,„ 

The  equation  for  the  magnification  factor  is  plotted  in 
Figure  7,3.5b.  For  relatively  small  va.ues  of  .,  resonance 
occurs  when  the  driving  frequency  is  near  the  undamped 
natural  frequency  of  the  system.  For  large  ralucs  of  f,  reso¬ 
nance  occurs  at  rstioa  of  driving  frequency  to  undamped 
natural  frequency  which  approach  *ero  as  c  approaches 

(-1 


0.707 


Vv^f 


f) 


Figure  7.3.5b.  ?iot  ot  Equations  7  3.5x  end  7.3.5y  for 

the  Vibration  of  a  Viscously  Damped  System 


CAS  IV  Crcc  t'lfcrni  on  ’Vith  Coulomb  Sfampii  F(t) 
0,  fi  constant 

Coulomb  (friction)  damping  is  due  to  frictional  forces  and 
is  considered  independent  of  displacement,  velocity,  and  nr 
celeration.  The  sign  <  f  the  force  cannot  !>e  taken  'nt.o  ac¬ 
count  for  a  complete  cycle.  However,  em  -gy  methods  may 
a*  used  for  conducting  the  t  nnlysis. 

R<  fei.'ing  to  Figure  7.3  -  and  equating  the  work  done  by 

the  ;.pring,  the  work  of  .  riction  to  the  kinetic  energy  per 
lii’f  I. 


■kx„ 


1 


(Eq  7.3.5i) 

(2  x„  b)  -• 


0  k.  (x„  b)  - 

La 

-^  m  ( v , !  v,-)  0 

where  v>  •-  vf  0 

-  initial  spring  displacement 

b  decrease  in  amplitude  per  half  cycle  =  2F/k 

The  amplitude  decrease  is  constant  for  each  half  cycle,  and 
the  decay  pe-  cycle  is  thus 


2b  -=  • 


4JP 

k 


(Eq  7.3.5a'> 


%4 


t  -  fxiction  FOsct 

V.  •  INITIAL  VELOCITY 


L'jAAA/^- 


Figure  7.3.5c.  Vibrating  System  with  Coulomb  Damping 

The  rate  of  decay  is  .shown  in  Figure  7.S.6d.  The  motion 
will  cease  when  the  spring  force  is  insufficient  to  overcome 
the  static  friction  force. 


7.3.6  Vibratit  t  Isolation  and  Transmissibility 

An  element  rigidly  attached  to  it  foundation  or  supporting 
structure  will  transmit  to  that  support  any  vibration  origi¬ 
nating  from  it.  Conversely,  any  vibration  of  the  support- 
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ing  structure  is  transmitted  to  the  element.  Vibration  iso¬ 
lators  are  a  means  of  minimizing  the  transmitted  vibration 
These  isolators  may  tak<  the  form  of  rubber  mounts, 
springs,  padding,  dashpot  dampers,  etc.  Assuming  that  iso¬ 
lators  can  be  representc'*  by  the  spring  and  dashpot  shown 
in  Figure  7.3.5a,  the  m..„nitude  of  the  transmitted  force 
is  given  by 


Figure  7.3.5d.  Rate  of  Decay  of  Amplitude  with  Coulomb 
Damping  Is  Linear  with  Time 
Figure  7.3.6.  Transmissibiltty 


(Eq  7.3.6a) 

Ftr  -  ^  <kX)=  +  (cwuX)* 

=a-f7Jv^ 


where  X  is  the  amplitude  of  steady  oscillation,  given  in 
Sub-Topic  7.3.5,  Case  III.  Then 


Ftr 


rw  .  •**  a*LV 
/  .J.OD/ 


F 

/ 1  +  (  2 t 

i 

4 

[x-( 

-sY  j 

."■/  J 

r  +  ( 2t— Y 

i  \  «»/ 

The  transmissibility,  TR,  of  the  system  is  the  ratio  of  the 
force  transmitted  through  the  springs,  plus  dt  mper  to 
the  force  transmitted  when  the  mass  is  mounted  rigidly  to 
the  foundation. 


(Eq  /.3.6c) 


rr 


TR 


F 

*  o 


v 


■'  c/)  t  •  Hy 


The  TR  equation  is  plotted  in  Figure  7.3.fi.  When  TR  ---  1, 
all  the  curves  pass  through  the  point  where  \/Z .  Fig- 

uie  7.3.6  also  shows  that  for  values  of  — —  <  v/ 7,  the  trann 

W„ 

mitte'1  force  is  greater  than  the  vaiue  for  rigid  mounting. 

Of, | 

Vibration  isolation  then  is  possible  only  when  — —  >  \/2. 
If  damping  is  negligible,  (  0,  then 

TR 

where  —  >  v/^ 

u. 


(::) 


(Eq  7.3.6d> 


Figure  7.3.6.  Transmissibility  Versus  Frequency  Ratio 


7.3.7  Self-Excited  Vibrations 

A  seif-excited  vibration  may  occur  when  the  exciting  force 
is  a  function  of  the  displacement,  velocity,  or  acceleration. 
If  a  system  is  excited  by  a  force  proportional  to  the  velocity 
of  the  mass,  the  equation  of  motion  for  a  single  degree  of 
freedom  system  is 

mx  +  cx  f  kx  =  ax  (Eq  7.3.7a) 

The  term  x  is  the  forcing  function.  Equation  (7.3,7a)  trans¬ 
formed  becomes 

(Eq  7.3.7b) 

-  .  (c  —  a)x  ,  k  A 
m  m 

The  general  solution  of  Equation  (7.3.7b)  is 

x  —  Ae!V  )-  BeK:'  (Eq  7.3.7c) 
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(c  a) 
2  m 


(Eq  7.3. 7d) 

[Tc  ip  T 
^  2m  in 


If  a  "»  c,  this  system  is  negatively  damped,  causing  the 
amplitude  to  increase  exponentially  The  system  is  then 
referred  to  as  dynamically  unstable.  The  equation  of  motion 
of  this  system  is  similar  to  the  equation  of  motion  for  free 
vibration  with  viscous  damping  given  in  Sub-Topic  7.3.5, 
except  that  the  sign  of  c  is  negative  In  a  physical  system, 
nonlinear  effects  enter  eventually,  and  Equation  (7.3.7b) 
fails  to  represent  the  sy  tern. 


.  7.3.8  Random  Vibration 

The  vibration  environment  to  which  a  component  or  part 
is  exposed  when  functioning  as  part  of  a  system  is  very 
seldom  in  the  form  of  a  single  frequency  sinusoidal  environ¬ 
ment,  but  rather  ir  a  combination  of  frequencies  occurring 
simultaneously  in  a  random  manner. 

Random  vibrations  are  the  result  of  a  number  of  events 
occurring  by  chance  and  may  be  characterised  by  any  fre¬ 
quency  spectrum.  An  acceleration-time  curve  describing 
random  motion  is  illustrated  in  Figure  7.3.8a.  The  magni¬ 
tude  of  the  acceleration  and  the  period  between  zero  ac¬ 
celerations  varies  erratically.  The  frequency  of  a  random 
vibrating  system  cannot  be  specified  because  seveml  fre¬ 
quencies  art  present  simultaneously.  In  order  to  deal  with 
random  vibration,  it  is  necessary  to  deal  wi'n  the  total 
energy  of  some  specified  band  of  frequencies.  Random  mo¬ 
tion  can  be  conveniently  represented  .as  a  single  component 
frequency  by  a  concept  known  as  acceleration  density.  A 
plot  of  the  acceleration  density  at  each  frequency  gives  a 
insrvt.  of  gVcps  versus  frequency  over  the  frequenc  spec¬ 
trum  of  interest  and  is  known  as  the  power  spectral  devtity 
(PSD)  curve.  The  PSD  curve  is  used  to  give  a  complete 
description  ■>.'  a  random  vibration  test  requirement.  When 
the  PSD  curve  is  flat,  the  random  motion  is  referred  to  as 
white  >mine.  Figure  7  3.8fc  represents  typical  PSD  curves. 

The  equation  for  the  acceleration  density  .s 

G  limit—  (Eq  7.3.8a) 

a -ii  t* 

where  G  acceleration  density,  gVcps 

a  root  mean  squared  (rms)  average  of  the 
random  accelerations 

B  range  t  f  frequency  under  consideration, 
referred  to  as  the  bandwidth 

The  value  of  a  may  b»*  cab  ulated  by  squaring  the  instan¬ 
taneous  accelerations,  computing  the  average  or  mean  of 
the  squared  values,  and  then  taking  the  square  root  of  the 
average.  For  example,  given  the  instantaneous  accelera¬ 
tions  or  1  g  and  "  g's,  the  mis  average  of  random  accelera¬ 
tion  i.-;  .aivu  ated 


T IMC 


Figtir*  7  "*  8a.  Acceleration  Time  Curve  Describing  Random 
Motion 
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Figure  7.3.8b.  Power  Spectral  Density  Curves 


BANDPASS 
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Figure  7.3.8c.  Basic  Instruments  Necessary  to  Measure  the 
Acceleration  Density  of  a  Structure  In 
Random  Vibration 
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For  a  sinusoidal  wave,  the  rms  value  is 

(Eq  7.3.8b) 

a  (rms)  =  a.,.*  sin*~^  dt  =  -~ 

where  «.  is  the  peak  or  maximum  value. 

Acceleration,  a,  can  also  be  measured  directly  from  the 
random  vibrating  structure.  An  instrumented  structure 
capable  of  random  vibration:!  is  shown  in  Figure  7.3.8c 
and  in  described  as  follows: 

1)  The  accelerometer  attached  to  the  structure  produces  a 
voltaj  e  proportional  to  the  instantaneous  acceleration 
of  the  structure. 

2)  The  voltage  is  then  filtered  through  a  bandpass  filter 
which  permits  only  the  frequencies  within  the  band¬ 
width  B  to  pass  through. 

3)  The  rms  voltmeter  is  used  to  read  the  outpu '  voltage  of 
the  bandpass  filter.  The  voltage  reading  is  the  root 
mean  square  value  of  the  voltage  waveform  and,  there¬ 
fore,  represents  the  rms  random  acceleration. 

The  system  may  be  calibrated  by  exciting  the  structure 
sinusoidally  at.  one  g  rms  and  th  -  rms  voltmeter  set  to 
read  1.  The  one  g  rms  is  equivalei  to  a  peak  acceleration 
of  1.41g.  As  the  frequency  of  the  sinusoidal  motion  is 
varied,  the  meter  will  read  the  value  1  if  the  frequency  is 
within  the  bandwidth  B.  The  bandwidth  B  is  defined  by  the 
equation 

B  =  f„  —  £,.  (Eq  7.3.8c) 

where  fH  —  high  cutoff  frequency 
fi,  "  low  cutoff  frequency 

At  any  frequency  higher  than  f«  or  lower  than  fL,  the 
voltmeter  will  rend  zero. 

After  the  system  is  calibrated  and  is  excited  randomly,  only 
the  frequency  band  of  the  random  voltage  within  the  band¬ 
width  is  supplied  to  the  voltmeter.  The  random  acceh  ration, 
a,  in  rms  g  for  the  frequency  band  i3  read  directly  off  the 
voltmeter. 

If  the  bandwidth  is  reduced  to  smaller  values,  the  voltage 
indicator  will  fluctuate  about  a  mean  value,  with  the  fre¬ 
quency  of  fluctuations  approximately  the  bandwidth  of  the 
filter  in  cps.  If  the  bandwidth  is  reduced  by  successive  fac¬ 
tors  of  four,  the  rms  random  acceleration  will  drop  by  fac¬ 
tors  of  approximately  two.  The  square  of  the  rms  random 
acceleration  is  proportional  to  the  bandwidth,  a’  oc  B.  As 
B  decreases,  the  quantity  a’/B  approaches  a  constant  value 
which  is  the  acceleration  density,  G,  given  in  Equation 
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(7.3.8a).  An  acceleration  density  measured  in  a  typical 
random  environment  is  shown  in  Figure  7.3.8b. 

The  measured  acceleration  density  is  not  constant  but  is  a 
junction  of  frequency.  An  environment  with  a  constant  ac¬ 
celeration  density  as  a  function  of  frequency  is  called  a 
tohitr  or  flat  random  motion  spectrum  and  is  designated  G... 
as  shown  in  Figure  7.3.8b.  For  a  white  spectrum,  the  ac¬ 
celeration  density  is  independent  of  bandwidth  and  the 
equation  is 

G«  (Eq  7.3.8d) 

An  example  of  a  random  motion  test  specification  is  a  con¬ 
stant  acceleration  density  of  0.2  gVcps  over  the  bandwidth 
from  15  cps  to  2015  cps.  From  the  equation  for  the  accelera¬ 
tion  density  for  the  white  Bpectrum 


Mechanical  shock  is  a  sudden,  non-periodic  disturbance  oc¬ 
curring  when  environmental  accelerations  are  applied  for 
short  but  definite  periods  of  time.  One  concept  is  the  velocity 
shock,  or  the  rapid  variation  of  velocity  causing  large 
accelerations.  The  resulting  accelerations,  called  pulses, 
are  specified  by  acceleration  amplitude,  time  duration,  and 
pulse  shape.  Actual  pulse  f  >es  are  usually  complex ;  they 
do  not  readily  lend  themsei  s  to  mathematical  description, 
but  are  approximated  by  comparing  them  with  simple 
pulse  shapes  such  as  those  given  in  Figure  7.3.9a.  For  de¬ 
tailed  analysis  of  shock  loading,  see  References  388-1 , 388-2, 
and  388-3. 


TIMt 


Figure  7.3.9*  Pulse  Load  Shapes 
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In  general.  the  characteristic  of  shock  whuh  makes  it  dif¬ 
ferent  static  loading  i*  the  time  required  for  the  ac¬ 

celeration  to  rise  fro.  .  aero  to  a  maximum,  if  the  time  of 
nrccleration  rise  is  less  than  one  half  the  natural  perio<  of 
the  structure,  shoe 4  condition*  are  «a!i  tc  exist;  and,  if 
the  time  of  acceleration  rise  is  greater  than  three  times  the 
natural  period,  the  static  conditions,  or  loads,  are  said  to 
exist 

To  protect  against  shock,  P  ,«  lommon  design  practice  to 
multiply  the  calculated  load  unde,  static  conditions  by  a 
stir,  a  or  load  factor  and  then  design  the  part  to  resist  the 
corrected  static  load.  A  load  factor  of  two  is  usually  recoir,- 
mendv.l  for  shock  loads.  However,  the  factor  of  two  applies 
oni/  when  the  system  is  under  a  rectangular  pulse  shape 
h.-ding  For  other  pulse  shapes,  the  load  factor  may  be 
somewhat  less,  as  illustrated  in  Table  7.3.1).  It  shot  ,d  be 
pointed  out  that  these  load  factors  are  muximum  and  only 
apply  when  structural  deflection  is  linear  and  the  period 
of  the  applied  load  and  the  natural  period  of  the  structure 
have  a  defined  relationship. 

To  illustrate  the  use  of  shock  loading  factors,  consider  the 
following  example: 

A  body  is  subjected  to  a  suddenly-applied  acceleration  rise 
of  lOg’s.  as  shown  in  Figure  7.3.9b.  The  hotly  weighs  one 
pound  and  the  connecting  rod  has  a  cross  sectional  area  of 
one  square  inch.  Find  the  stress  in  the  rod. 

The  force  applied  to  the  rod  is 

F  ma  \  lOg  10  lbr 

The  equivalent  static  tensile  stress 

F  ID  . 

<,. .  ~ j~  lb,  in 

The  dynamic  stress  for  shock  loading  with  a  rectangular 
pulse  shape  is 

,  '}  „  0/1  it.  :_i 

.  -Static  tiU  lUf  lu 

The  facto,  of  two  could  have  been  applied  to  the  accelera¬ 
tion  environment  and  the  actual  stress  computed  directly. 

If  the  hoily  were  suspended  vertically,  the  acceleration 
would  hi-  1  Ig’s,  since  the  body  is  initially  under  a  load  of  lg. 
The  total  stresses  then  are  determined  as  follows: 


Table  7.3.9.  Load  Factors  for  Several  Pulse  Shapes 

e  :  .’l.S) 


PULSE  SHAPE  LOAD  FACTOR 

Rectangular  3 

Half  sine  1.8 

Shifted  cosine  1 .7 

Triangular  I  equilateral  I  1.5 


F  ^  a  t  W  w  (7  *  1 )  W  ( 10  I  1 )  1 1  W  lh, 

The  equivalent  s  »tlc  tensile  stress  is 

11  lb, /in’ 

The  dynamir  stress  is 

a.  —  22  lbi/in’ 


Nomenclature 

SYMBOL 

QUANTITY 

DIMENSION 

ft 

rms  average  of  random  aceuicration 

l.  7t* 

A 

Constant 

L 

B 

Constant 

L 

B 

Frequency  range  (f„  fi.) 

1/t 

Ce 

Critical  damping  coefficient 

M/t 

c 

Dam;  ii\g  coefficient 

Ft/h 

c 

Or.itant 

L 

D 

ons;  rnt 

L 

E 

Constant 

L 

f 

Frequency 

1/t 

F 

Force 

F 

F 

Constant 

L 

G 

Acceleration  density 

L‘/t’ 

k 

Spring  constant 

F/L 

m 

Mass 

M 

N 

Normal  force 

F 

t 

Time 

t 

T 

Fericd 

t 

TR 

Transmissibility 

— 

W 

Wright 

F 

X 

Displacement 

L 

X 

Amplitude  of  displacement 

L 

f 

Damping  factor 

— 

M 

Coefficient  of  friction 

— 

cr 

Stress 

F/L' 

0 

Phase  angle 

radians 

id 

Angular  frequency 

1/t 

•M 

Angular  frequency  of  driving  force 

1ft 

<*>„ 

Natural  frequency 

1/t 

TIMt 


Figure  7.3.9b.  A  System  Under  the  Influence  of  a  Suddenly 
Applied  Acceleration 
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7.4  DYNAMIC  PERFORMANCE  ANALYSIS 

7.4.1  Introduction 

Many  fluid  components  used  in  aei  oi»pi.-r«  Applications 
have  a  control  or  regulation  function.  Dynamic  character' 
lattes  such  as  response  rate  and  stability  ore  thus  impor¬ 
tant  peiforniance  parameters  in  these  components.  In 
designing  the  units,  liberal  use  is  made  of  control  system 
theory,  which  deals  with  the  design  and  performance  an¬ 
alysis  o'  control  systems  and  which  is  reviewed  in  Sub¬ 
section  7.2.  The  purpose  of  the  following  paragraphs  is  to 
illustrate  how  control  system  theory  is  applied  to  fluid 
component  deoign. 

7.4.2  Mefnodt  of  Component  D*rigr 

Fluid  component?,  such  as  hydraulic  servo-actuators  and 
propellant  tank  pressure  regulator*  have  control  nr  regu¬ 
lation  functions.  There  art  two  basic  design  approaches  for 
components  in  this  class,  synthesis  and  an.. lysis.  Using 
synthesis,  ‘he  designers  are  given  a  .iet  of  requirements 
concerning  component  performance,  weight,  size,  and  other 
factors.  They  are  asked  to  synthesize  directly  from  ava’l- 
ahlc  design  data  a  component  which  fulfills  the  require¬ 
ments.  The  synthesis  includes  the  design  or  selection  of 
suitable  elements.  Using  analysis,  the  designers  or  analysts 
are  given  an  existing  component  (o:  :■  which  exists  on  paper 
or  in  hardware)  and  are  asked  to  determine  how  closely 
the  unit  meets  the  required  performance  and  other  speci¬ 
fications.  If  the  component  does  not  fulfill  the  requirements, 
t  is  either  modified  or  a  new  component  is  laid  out,  and  the 
procedure  is  repeated. 

A  comparison  of  synthesis  and  analysis  shows  that  the 
former  is  the  ideal  design  approach.  Where  synthesis  can 
be  practiced,  the  cut-and-try  approach  of  analysis  elimi¬ 
nated,  and  a  final  design  is  arrived  at  in  the  shortest  pos¬ 
sible  time. 

Pure  synthesis,  however,  requires  specialized  mathematical 
techniques  for  the  type  of  component  oei-ig  designed,  along 
with  complete  design  data.  The  necesse.y  mathematical 
techniques  and  data  are  available  in  well-established  fields 
of  component  design,  but  are  generally  lacking  in  the  newer 
fields  such  as  aerospace  c«j  uponents.  As  a  result,  tne  pure 
synthesis  approach  is  not  employed  in  designing  the  latter 
units.  The  present  design  procedure  is  a  combination  of 
analysis  end  synthesis,  which  is  a  less  demanding  but  like¬ 
wise  less  direct  approach  than  synthesis  alone.  It  is  de¬ 
scribed  in  more  detail  in  the  following  Sub-Topic. 

7.4.3  Synthesis  by  Analysis 

Aerospace  components,  as  noted,  are  designed  by  a  proce¬ 
dure  combining  analysis  and  synthesis.  C.  J.  Savant,  Jr.,  iu 
the  preface  of  Reference  403-1,  discusses  this  kind  of  pro¬ 
cedure  in  connecl.on  with  feedback  control  systems,  employ¬ 
ing  the  term  synthesis  by  analysis  to  describe  the  process. 
The  following  excerpt  from  the  preface  of  Reference  403-1 
illustrates  the  use  of  the  term: 


"From  my  own  experience  She  following  philosophy  is  pre¬ 
sented  as  being  basic  in  f oeoL  nck-control-eyslem  design : 
fei-iback  control  systems  are  designed  by  trial  and  error. 
Karh  trial  is  analyzed,  and  the  results  of  the  analysis  are 
then  examined  to  detcimn.  the  next.  The  first  guess  might 
possibly  be  the  type  f  equalizer  (series,  parallel,  etc.l 
necessary  to  improve  system  performance.  The  next  may  he 
the  component  values  of  a  resistance  capacitance  network 
or  the  amplifier  gain.  The  enginee  continues  varying  sys¬ 
tem  quantities  until  satisfactory  performance  is  obtained. 
This  design  technique,  which  I  call  ‘synthesis  by  analysis’, 
requires  that,  the  engineer  be  able  to  •:naly«.e  rapidly  oa. ’i 
subsequent  trial." 

Tlie  description  synthesis  by  analysis  applies  equally  to  the 
design  and  development  of  a  typi  u  1  aerospace  component 
with  a  'ontrol  function.  The  principal  steps  in  the  design 
procedure  for  this  class  of  component  arc  given  bclcv.  In 
this  procedure  it  is  assumed  that  complete  design  specifi¬ 
cations  have  been  formulated  and  are  Available. 

1)  Configuratio.,  studies  a*-e  mode,  and  a  i  asii  configu.  o- 
tion  for  the  component,  including  elemn  ts.  is  selected.  From 
the  specifications,  in.tial  estimates  are  made  oi  the  follow¬ 
ing  design  parameto  i:  power  requirements,  fluid  pres!  ires, 
flow  rates,  forces,  structural  stresses,  size  and  weight  of 
elements,  and  the  complete  component. 

These  estimates  are  preliminary  and  may  be  revised  later. 

2)  A  dynamic  performance  analysis  is  made  of  the  com¬ 
ponent  design  laid  out  in  Step  1 .  The  purpose  of  this  anal¬ 
ysis  is  to  establish  the  responv:  and  stability  character¬ 
istics  of  the  unit.  The  form  of  the  araly”-*  me  '  be  one  or 
a  combination  of  the  following:  mathematical-graphical 
(frequency  response,  root-locus,  etc.) ,  computer  simulation, 
or  testing  of  breadboard  model  v.r  prototype. 

The  dynamic  characteristics  of  the  component  as  deter¬ 
mine^  by  this  analysis  are  compared  with  the  character¬ 
istics  required  in  the  specifications.  Revision,  in  the  design 
arc  the1’  made  where  necessary,  and  a  r.  -analysis  is  carried 
cut.  This  procedure  is  followed  untii  satisfactory  dynamic 
performance  is  attained 

3)  Testing  of  the  actual  component  under  extreme  environ¬ 
mental  conditions  is  performi  Further  revisions  in  the 
design  are  made  where  required,  until  the  unit  meets  the 
specifications  with  respect  to  environmental  effects. 

7.4.4  P’ertoimance  Specifications  for  Cicsed-Loop 
Systems 

The  dynamic  performance  analysis  ref  err1'  J  to  in  Step  2 
of  Sub-Topic  7.4.3  is  a  key  phase  in  the  development  of  a 
new  control  component.  The  purpose  of  this  analysis,  as 
noted,  is  to  determine  the  characteristics  of  a  tr:al  design 
end  to  correct  the  design,  if  necessary,  to  meet  the  required 
performance  specifications.  Concerning  the  latter  specifi¬ 
cations,  components  such  as  servo-actuatoi  s  and  pressure 
regulators  are  small-scale,  closed-loop  control  systems,  and 
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on  this  account  they  are  defined  by  the  performance  speci¬ 
fications  for  c'oscii  loop  systems.  These  specifications  will 
he  reviewed  iu  this  section. 

In  a  typical  control  system,  .the  important  performance 
characteristics  are  speed  of  response,  accuracy,  and  stabil¬ 
ity.  In  a  new  system  design,  i‘  is  necessary  to  specify  the 
requirements  in  these  three  areas  as  accurately  as  poctible. 
Various  specifications  based  on  control  theory  have  been 
developed  for  this  purpose.  It  has  not  beer,  possible  to  de¬ 
rive  a  single  simple  and  usable  specification  for  each  of  the 
characteristics  of  response,  accuracy,  and  stability.  As  a 
result,  numerous  specifications  have  been  derived,  some  of 
which  define  a  single  characteristic  while  others  define  the 
over-all  system  performance.  Table  7.4.4  describes  eleven 
of  the  most  common  specifications.  Each  of  the  criteria  in 
this  table  has  certain  advantages  and  limitations  when  ap¬ 
plied  to  a  given  system.  The  columns  in  the  table  list,  the 
name  of  the  specification,  its  type,  a  definition  of  the  speci¬ 
fication,  ’  ow  it  is  calculated,  and  the  advantages  and  limita¬ 
tions  in  its  use. 

7.4.5  Methods  of  Dynamic  Performance  Analysis 

In  the  development  of  a  new  control  component  the  dynamic 
perf romance  analysis  of  several  successive  trial  designs  or 
configurations  may  be  required,  as  noted.  This  analysis 
establishes  the  dynamic  characteristics  of  the  trial  units. 
From  these  characteristics,  design  improvements  are  de¬ 
rived  which  lead  eventually  to  the  final  configuration.  To 
complete  the  development  program  within  a  reasonable 
length  of  time  and  cost,  rapid  and  accurate  methods  of 
dynamic  performance  analysis  are  required.  The  methods 
employed  today  include  mathematical  and  graphical  anal¬ 
ysis,  computer  simulation,  and  the  testing  of  breadboard 
models  or  simplified  prototypes.  One  or  a  combination  of 
these  techniques  may  be  used,  depending  on  the  type  of 
component  being  developed.  AH  of  the  methods  have  limita¬ 
tions  and  approximations,  and  in  certain  cases  will  not  give 
useful  results.  In  general,  however,  the  methods  are  a  major 
help  in  studying  the  performance  of  a  new  unit,  and  in  de¬ 
ducing  improvements  in  the  design.  While  several  methods 
of  dynamic  analysis  may  be  used,  there  are  common  steps 
in  the  procedure  of  applying  them.  These  steps  are  outlined 
below. 

7.4.5  l  CENERAL  PROCEDURE 

1)  Schematic  Diagram.  The  original  step  in  the  analysis 
ot  a  control  component  is  the  layout  of  the  schematic  dia¬ 
gram.  This  diagram  provides  a  nhysical  picture  of  the  con¬ 
figuration,  and  illustrates  the  operation  of  the  individual 
elements  and  the  system.  Figure  7,4.7.1a  is  a  representative 
schematic  diagram  of  a  hydraulic  actuator.  The  function 
of  this  valve-cylinder  servo-mechanism  is  to  move  a  load 
a  displacement,  in  response  to  an  input  signal  In  more 
advanced  servos  of  this  type,  the  load  could  be  a  rocket 
engine  nozzle  or  a  complete  engine  which  is  gimballed  for 
thrust  vector  control.  In  the  system  of  Figure  7.4.7.1a,  the 
input  signal  or  displacement  is  converted  to  voltage,  *C|6i, 


by  potentiometer  A.  The  difference,  V,  between  tl  input 
and  feedback  voltages  is  electronically  amplified  and  used 
to  control  a  solenoid  valve.  The  latter  controls  the  main 
valve,  which  controls  the  hydraulic  cylinder.  Feedback  is 
provided  by  potentiometer  B  which  is  connected  to  the  cyl¬ 
inder  and  converts  the  output  displacement,  to  voltages, 
K'ff...  A  dynamic  analysis  of  this  actuatcr  is  given  in  Sub- 
Topic  7.4.7. 

21  Differential  Equations.  The  differential  equations  of  the 
component  elements  and  the  complete  unit  are  derived  from 
the  fundamental  lews  of  energy,  momentum,  and  continu¬ 
ity,  as  applied  to  the  system. 

3)  Transfer  Functions.  The  transfer  functioi  3  of  the  ele¬ 
ments  are  obtained  from  the  corresponding  different  1 
equations  by  the  methods  described  in  Sub-Topic  7.2.2.  From 
these  transfer  functions,  the  open-loop  and  closed-loop 
transfer  functions  of  the  complete  unit  are  obtained. 

4)  Block  Diagram.  This  type  of  diagram  has  been  described 
in  Sub-Section  7.2.  It  is  r  figure  showing  only  the  functions 
of  the  system  elements  and  the  interconnections  between 
elements,  without  showing  how  the  functions  are  accom¬ 
plished.  The  block  diagram  method  of  representation  can 
take  many  forms,  depending  on  its  purpose.  Each  block  may 
represent  n  single  element  or  a  combination  of  elements.  The 
functions  may  be  shown  descriptively,  as  mathematical  ex¬ 
pressions,  or  as  transfer  functions.  Figure  7.4.7.1b  is  a  block 
diagram  for  the  hydraulic  actuator  of  Figure  7.4.7.1a.  The 
elements  in  this  case  are  represented  by  their  transfer  func¬ 
tions.  A  detailed  explanation  of  how  this  diagram  was  de¬ 
rived  and  how  it  is  used  is  given  in  Sub-Topic  7.4.7. 

5)  Synthesis  by  Analysis.  Following  the  derivation  of  the 
schematic  diagram,  differential  equations,  transfer  func¬ 
tions,  and  block  diagram  for  a  new  component  design,  the 
synthesis  by  analysis  process  previously  described  is  then 
carried  out.  This  process,  as  noted,  consists  of  the  follow¬ 
ing  basic  steps  which  are  repeated  until  an  effective  over¬ 
all  configuration  is  synthesised:  (a)  dynamic  performance 
analysis  of  a  trial  design,  and  (1)  correction  of  the  design 
based  on  the  results  of  the  analysis.* 


Notations  for  Table  7.4.4 

db 

Decibel 

F(s) 

Transform  of  f(t) 

f(t) 

Function  of  time 

■C 

Laplace  transform 

M 

=  Y,(s)  =  Amplitude  ratio 

8 

Laplace  variable 

Y, 

Closed-loop  transfer  function 

Y. 

Open-loop  transfer  function 

r 

Damping  ratio 

» 

=  cos-’  ( 

id 

Angular  frequency  (radians/sec) 

tdm 

Natural  frequency  (radians/sec) 
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Table  7.4.4.  Tt  *  Eleven  Most  Common  Performance  Specifications 

(Rr>nt once  47  1) 


NAME 


TYPE  OF 
RPEC'FICATION 


DEFINITION  AND 
METHOr>  OF  COMPUTATION 


QENERAl  REMARKS 


1)  (Sain  Stability 

Margin 


Ratio  of  maximum  stable  gum  to  w- 
tual  ’rain  at  a  phase  angle  of  180  . 
('••li  be  ealeulated  by  Kooth’s  crite¬ 
rion,  or  from  Nyquist  plot  or  root- 
ir.eu.,  diagram. 


Simplest  stability  specification,  but 
givex  little  information  on  relative 
stability  and  thus  is  seldom  used. 
However,  if  gain  margin  is  less  than 
10,  system  may  be  “rubbery”  and 
overshoot  excessively. 


2)  Phase  Frequency, 

Margin  domain 

stability 


3)  M  Peak 


Frequency, 

domain 

stability 


On  Nyquist  diagram,  the  angle  be¬ 
tween  the  negative  real  axis  and  the 
Nyquist  curve  at  the  unit  circle. 


On  Bode  plot,  read  frequency  at  unity 
gain,  determine  phase  shift  at  this 
frequency,  and  subtract  from  180°. 


M  is  the  magnitude  of  the  closed-loop 
transfer  function  for  a  system  with 
unity  feedback 


M  peak  is  the  maximum  value  of  M. 
It  is  obtained  by  plotting  circles  of 
constant  M  on  the  Nyquist  plot.  M 
peak  is  the  value  corresponding  to  the 
circle  tangent  to  the  Nyquist  curve. 


Indicates  absolute  and  relative  sta¬ 
bility.  For  well-behaved  systems,  a 
phase  margin  of  45  means  one  over¬ 
shoot  in  response  to  a  step  input. 
Phase  margin  is  an  easy  specifica¬ 
tion  to  use,  hut  there  is  the  possibil¬ 
ity  that  a  system  with  supposedly 
adequate  phase  margin  may  over¬ 
shoot  several  times.  For  example,  a 
system  with  under-damped  quadratic 
roots  at  a  frequency  just  above  cross¬ 
over  frequency  (frequency  at  which 
Nyquist  plot  crosses  unit  circle)  can 
hav.  a  Nyquist  plot  as  follow's: 


The  system  is  under-damped  and  os¬ 
cillates  as  shown  by  its  high  M  peak 
>  2.0)  and  low  damping  ratio 
U  <  0.2) . _ 

The  M  peak  criterion  is  more  diffi¬ 
cult  to  check  than  phase  margin, 
but  is  superior  in  that  a  given  M 
peak  assures  that  the  Nyquist  plot 
never  approaches  the  (  -1  +  j0) 
point  for  any  frequency.  An  M  peak 
of  1.4  usually  means  one  overshoot. 
However,  a  rapid  phase  shift  near 
unity  gain,  such  as  is  associated 
with  underdamped  quadratic  terms, 
can  result  in  several  small-amplitude 
oscillations  in  a  step-function  re¬ 
sponse,  even  for  M  peaks  as  low 
as  unity. 
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TYPE  OF 
SPECIFICATION 


DEFINITION  AND 
METHOD  OF  COMPUTATION 


Damping 
Factor, 
f  or 
Decrement 
Factor 


Stability 


0*in  ao*Nt  ON S 
•OOf  lOCU» 


Defined  by  the  factors  in  a  quadratic 
system,  as  was  damping  ratio.  It  is 
f  up,  in  the  roots 

s  -t -t  i «» V  i  r1 
which  give  a  characteristic  equation 
of  the  form 

c  f  «„  t  (c,  cos  «„  t  VT  P 

-t-  c«  sin  u„  t  V”!  ■  r') 
It  thus  determines  the  rate  of  decay 
of  the  transient,  f  u„  may  be  found 
directly  from  the  root-locus  diagram. 


OENERAL  REMARKS 

For  n  simple  quadratic  transfer  func¬ 
tion,  t  !  fot  a  critically  damped 
response,  while  (  0.7  means  out* 

overshoot.  Pumping  ratio  is  extended 
to  a  system  with  more  than  l"'o 
closed-loop  poles  by  anal  igv.  Thus 
its  meaning  differs  with  different 
systems.  The  advantage  of  damping 
ratio  over  the  previous  specifications 
is  that  it  is  pessimistic  in  at  least 
one  respeet.  A  damping  ratio  of  0.7 
could  mean  an  overdomped  response 
for  certain  systems,  hut  the  response 
could  never  be  more  oscillatory  than 
the  simple  quadratic  esponse  for 
the  same  {.  However,  the  damping 
ratio  gives  no  indication  of  the  first 
overshoot.  It  is  possible  for  a  system 
with  f  as  large  as  unity  to  'xhibit 
an  extremely  largo  overshoot  in  re¬ 
sponse  to  a  step-function  input.  This 
possibility  must  he  suspected  if  one 
of  tho  closed-loop  roots  is  close  to 
the  origin  for  the  gain  constant  used. 
A  damping  ratio  of  0.6  to  0.8  is 
usually  specified. 

This  has  had  extensive  use  in  sys¬ 
tems  demanding  prescribed  transient 
performance,  particularly  when  the 
time  decay  is  important,  e.g.,  in  au¬ 
topilots,  and  is  n  convenient  method 
of  interpreting  more  omplex  sys 
terns  in  terms  of  quadratic  systems. 

The  damping  factor  of  the  roots 
closest  to  the  imaginary  axis  is  pre¬ 
sumed  to  have  the  gr®*!*'8!  influence 
on  system  response.  If  damping  fac¬ 
tor  is  specified  along  with  damping 
ratio,  the  possibility  of  a  large  ini¬ 
tial  overshoot  may  be  eliminated. 


6)  Percent  Direct  evaluation 

Overshoot  of  system 

relative 
stability 


Ratio  of  peak  of  transient  to  final 
value,  in  response  to  a  step  input. 
Computation  of  this  characteristic  in 
a  linear  system  involves  solving  the 
Inverse  Laplace  transform  either  an¬ 
alytically  or  by  picking  values  off 
root-locus  plot.  Direct  determination 
in  linear  and  non-lineai  systems  is 
easiest  with  an  analog  computer. 


Useful  with  non-linear  systems.  Used 
for  regulators,  meters,  and  position 
servomechanisms  which  are  normally 
excited  by  step  inputs  and  are  under¬ 
damped. 

Usually  a  20  to  80  percent  oversh jot 
is  not  considered  deleterious  if  ac¬ 
companied  by  a  fast  settle-out;  60 
percent  is  large. 
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DEFINITION  AND 

METHOD  OF  COMPUTATION 
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7)  System 

Final 

Value 

Steady-state 

accuracy 

Final  value  of  output.  Calculated 
from  system  static  characteristics,  or 
by  using  final  value  theorem  on  I,u 
place  transform  of  output  for  given 
input.  For 

t  ff(t)l  F(s) 

the  final  value  theorem  is 

lim  f  (t)  —  lim  sF (s) 
t  -  «  s->  0 

System  final  value  minus  desired 
output  gives  steady  state  error  or 
measure  of  steady- stati  accuracy. 
Steady-state  error  depends  gain 

constant  and  number  of  integrations 
in  loop;  it  is  independent  ot  the  sys¬ 
tem  time  constants. 

8)  Bandwidth 

Frequence 
domn’n, 
speed  of 
response 
specification 

Usually  defined  ns  the  frequency  at 
which  the  closed-loop  frequency  re¬ 
sponse  falls  to  0.707  or  -3  db  of  its 
low  frequency  value.  Bandwidth  is 
available  from  the  curve  of  M  versus 
frequency,  or  can  be  calculated  from 
the  Nyi,uist  plot.  A  different  defini¬ 
tion  of  bandwidth  is  the  cross-over 
frequency. 

Bandwidth  is  directly  related  to 
speed  of  response  and  to  Hystem  ac¬ 
curacy  for  rapidly  changing  input) 
'rhe  exact  response  of  a  system  with 
a  given  bandwidth,  however,  depends 
somewhat  on  the  particular  system 
under  consideration.  Bandwidth  is 
an  indication  of  the  highest  input 
frequency  that  can  be  handled  by  a 

system. 


0)  Rise  Speed  of 

Time  response 


The  following  are  definitions  of  rise 
time: 

a)  1/Bandwidth  (see  abcve) 

b)  l/««  p„k 

c)  Time  to  first  sero  error,  in  re¬ 
sponse  to  step  input 

d)  See  figure  at  left 


Direct  speed  of  response  specifica¬ 
tion  Rise  time  defined  as  1/band¬ 
width  gives  as  good  a  measure  of 
system  performance  as  any  of  the 
remaining  definitions.  Time  to  first 
zero  error  is  convenient  if  an  analog 
computer  is  available. 


10)  Sittle-out  Over-all 

Time,  or  performance 

Synchronisation 

Time 


The  time  required  foe  the  system  re¬ 
sponse  to  a  step  input  to  reach  and 
remain  within  a  given  tolerance  to 
the  final  value.  The  usual  tolerance 
is  't  5  percent. 


! 


Used  with  systems  requiring  rapid 
synchronisation.  Petti  s-out  time  is 
the  simplest  of  the  over-all  perform¬ 
ance  specifications.  However,  it  is 
usually  necessary  to  specify  maxi¬ 
mum  allowable  overshoot  and  steady- 
state  error  in  addition 


Settle-out  time  in  linear  systems  can 
be  calculated  analytically  by  the  in¬ 
verts  Laplace  transform,  or  by  pick¬ 
ing  values  off  the  root-locus  plot. 
Determination  in  linear  and  non¬ 
linear  systems  is  easiest  with  an 
analog  computer. 
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DEFINITION  AND 
METHOD  OF  COMPUTATION 


OCNKRAl.  REMARK* 


11)  1TAE,  or  Over  all 

Integrated  pciTormance 

Value  of  the 

Product  of 

Time  and 

Absolute 

Value  of 

Error 


The  IT  All  specification  la  defined  by 
the  integral  ^  1 1  e !  dt  where  t  in  time 

and  e  la  the  magnitude  of  th«  error. 
Minimize  the  value  of  this  integral 
for  optimum  performance.  This  spec¬ 
ification  yields  a  number  which  de¬ 
pends  on  the  particular  ayatem  be¬ 
ing  considered.  It  would  probably  be 
an  improvement  to  generalize  the 
specification  by  normalizing  to  the 
rated  output  quantity.  The  dimrn- 
■dons  would  then  be  sec’.  Another 
problem  with  the  given  definition  is 
that  for  a  clast  of  inputs  causing  the 
s^ratcm  to  have  a  constant  Anal  error 
(which  may  actually  be  insignifi¬ 
cant),  the  ITAF,  specification  goes 
to  infinity.  This  could  be  avoided  by 
integrating  to  some  fcrbitisry  largo 
time,  such  as  10  times  constants, 
rather  than  to  infinity. 


ITAE  is  one  of  several  attempts  to 
define  an  over-all  figu.e  of  merit  for 
system  operation.  Rather  than  simply 
summing  the  error  of  u  jy.it cm,  ti.e 
error  is  progressively  weighted  more 
heavily  bs  time  goes  on.  This  puts 
a  premium  on  rapid,  accurate  settle- 
out,  and  allows  for  an  unavoidable 
inltia'  large  error.  While  a  gener¬ 
alized  specification  of  system  per¬ 
formance  such  as  ITAE  is  desirable, 
any  broad  figure  of  merit  must  be 
used  with  caution  lest  it  obscure  an 
important  specific  advantage  or  d.a- 
advantage  of  a  particular  system. 


".4.5.2  SPECIFIC  METHODS  OF  ANALYSIS 

1)  .Mathematieiil-Graphical  Technique*.  Table  7. 4. 5.2  sum¬ 
marizes  the  six  major  mathematical  or  mathematical- 
graphical  techniques  of  d.  namic  performance  analysis.  The 
first  four  methods  are  reviewed  in  Sub-Section  7.2.  Refer¬ 
ence  .‘1/1-1  gives  a  detailed  treatment  of  all  of  the  tech¬ 
niques.  plus  numerous  additional  references  on  each. 

2)  Computer  A  mill)*'*.  The  use  of  computers  is  described 
as  follows: 

Analog  Computer  Simulation.  The  mathematical  and 
mathematical-graphical  techniques  listed  above  are  ex¬ 
tremely  useful  in  their  areas  of  appl'Tation.  With  ma.iy 
complex  and  non-linear  components,  however,  thtse  methods 
are  either  inadequate  or  cumbersome  to  apply.  In  these 
cases,  analog  computers  provide  one  of  the  best  means  of 
performing  the  required  dynamic  performance  analysis. 
Simulation  of  a  component  on  an  analog  computer  allows 
rapid  and  complete  (often  visual)  evaluation  of  the  dynamic 
performance.  This  approach  is  discussed  in  Sub-Section  8.2. 

Analysis  Using  Digital  Computers.  In  dynamic  perform¬ 
ance  analysis,  the  primary  function  oi  *he  digital  computer 
is  the  high-speed  performance  of  the  calculations  required 
in  the  mathematical  methods  refereed  to  in  (1)  above.  The 
rapid  computing  r?te  of  these  machines  makes  possible  the 
anulysi ;  of  complex  control  and  regulation  components. 
Digitul  computers  and  their  applications  are  discussed  in 
Sub-Section  R.H. 

:!>  Texting  of  ll  read  board  Model  or  l‘rotot  ypr .  Certain  com¬ 
ponents  cannot  be  adequately  ‘analyzed  either  by  mathe¬ 
matical  methods  or  by  computer  simulation.  With  these 
units,  unrealistic  assumptions  or  approximations  may  be 
required  in  order  to  carry  through  the  analysis.  Alternately, 
a  great  deal  of  manual  computing  effort  or  a  long  and  ex¬ 
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pensive  aeries  of  computer  runs  may  be  required.  For  these 
components,  the  construction  and  testing  of  breadboard 
model*  or  simplified  prototypes  may  repreaent  the  best 
method  of  establishing  and  improving  the  dynamic  per¬ 
formance.  With  some  components,  a  combination  of  mathe¬ 
matical  and  computer  analysis  and  prototype  testing  is  i  sed 
to  advantage  in  the  development  process.  Mathematical 
analysis  establishes  the  basic  component  configuration. 
Next,  the  component  is  simulated  on  an  analog  computer  to 
determine  its  dynamic  performance  more  accurately  and  to 
study  thi  effect  of  varying  critical  parameters.  Finally,  a 
breadboard  model  or  prototype  is  built  and  tested. 

7.4.6  Advantages  and  Limftatfons  in  the  Methods 
of  Analysis 

The  methods  of  dynamic  performance  analysis  used  in  de¬ 
veloping  control-type  components  have  been  listed  as  mathe¬ 
matical-graphical  techniques,  computer  analysis,  and  the 
testii.g  of  breadboard  models  or  simplified  piototypes.  While 
all  of  these  methods  are  employed  in  component  analysis, 
the  first  two  are  referred  to  as  analytical  whereas  the  third 
is  experimental.  This  distinction  will  be  used  in  the  follow¬ 
ing  paragraphs. 

There  is  a  quertion  as  to  which  type  of  approach,  analytical 
or  experimental,  is  the  most  useful  in  developing  and  ana¬ 
lyzing  fluid  components.  This  question  is  being  raised  irore 
freq  ently  as  regulators,  relief  valves,  servo  valves,  etc., 
become  more  complex.  Today,  as  in  the  past,  fluid  compo¬ 
nents  are  generally  developed  by  the  experimental  or  ;rlal- 
nnd-error  approach.  After  the  basic  configuration  of  a  new 
component  has  been  selected  and  the  r  teady-state  design 
calculations  made,  a  breadboard  model  or  prototype  is  built 
an  rapidly  as  possible  and  tested  to  determine  the  dynamic 
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ANALYTICAL  TECHNIQUE* 


Table  7. *,5.2.  Summary  of  Major  Analytical  Tachnkjua* 

(Rpterpncn  .171  I) 


nrrr  uaeruLNcaa 

I)  Differentia'.  Classical  solutions  of  different  ini  equa- 
cquations  thins  arc  generally  luo  involved  for 

practical  use  in  synthesis.  Non  d!,ncn- 
sinnal  performance  ohm  is  In* Ip  on 
Mcoml  order  systems.  Rignificenc?  of 
individ. -al  system  component  values 
diffleui.  .o  ascertain. 

Used  to  d<  •  rmine  the  limit  ini  sti  lii- 
ity  conditions.  Can  be  extended  to  in¬ 
clude  damping  factor  only  with  diffi¬ 
culty.  Limited  usefulness. 

The  best  solution  to  the  problem  of  di¬ 
rectly  synthesizing  the  time  response. 
Particularly  useful  when  the  perform¬ 
ance  specifications  are  in  terms  of  'he 
time  response.  Construction  of  the  dia¬ 
grams  can  be  time-consuming  and  the 
performance  can  be  sensitive  to  smnll 
relative  changes  of  locus  in  iow- fre¬ 
quency  region. 

The  most  used  approach  presently 
available.  Tli*  locus  can  be  plottis!  in 
the  form  of  a  Nyquist,  log  magnimde- 
angle  diagram,  or  the  log  magnitude 
and  phase  diagram.  The  latter  has  the 
advantages  of  easy  construction  b, 
templates  und  of  easy  introduction  of 
compensating  characteristics.  Easy  to 
include  experimental  data  in  frequency 
response  anr  lysis.  The  difficulty  of  re¬ 
lating  transient  and  frequency  re¬ 
sponse  is  a  limitation. 

An  extension  of  the  frequency  response 
techniques  to  non-linear  systems.  Good 
performance  criterion  not  available. 
Method  can  treat  higher  order  systems. 
Requires  determining  realisable  and 
practical  components  after  the  defini¬ 
tion  of  the  system  response.  Not  in 
wide  use  as  yet,  but  possesses  the  good 
feature  of  working  directly  from  the 
desired  closed  loop  response 


performance  of  the  unit.  The  resign  ia  then  modified,  if 
necessary,  to  improve  the  performance.  Eventually  a  unit 
is  obtained  which  meets  the  requirements.  This  approach 
has  the  advantage  of  dealing  with  actual  hardware,  rather 
than  with  mathematical  or  computer  models  which  may  in¬ 
corporate  unrealistic  assumption*)  or  approximations.  On 
the  other  hand,  the  experimental  approach  can  be  extremely 
lengthy  and  expensive,  particularly  when  it  is  applied  to 
complex  components,  because  of  the  cut-and-try  asp<  :t  of 
the  process.  Physical  testing  of  a  component  frequently  does 
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not  show  or  give  an  understanding  of  ■i.lijit  i»  taking  pint  c 
internally  in  the  unit.  As  a  result,  design  rhangi  s  to  m 
prove  the  performance  have  'o  be  guessed  at  in  a  hit-  >r  miss 
manner,  rather  tbar  arrived  ct  logically.  For  this  reason, 
improvements  con,,  slowly. 

Ho  ‘ause  of  th-  disadvantages  in  tin  expe.  iincntal  ajipi  ote  li, 
tin*  application  i  f  analytical  tc/hriques  <o  fluid  component 
development  is  Icing  actively  investigated  today.  In  tins 
approach,  the  uancr  or  hypot hot ica'  design  of  a  new  com¬ 
ponent  is  dynamically  analysed  by  mathematical  and  graph¬ 
ical  methods  or  h>  comput-  r  simulation.  This  nnnlytis 
serves  two  us-fu.  purposes.  Fieri,  i'  gives  an  early  under 
standing  of  the  operatior  of  the  component.  Sr  ond.  in 
applications  where  (lie  analysis  is  known  to  be  highly  ac¬ 
curate,  it  establishes  the  performance  of  the  unit  anr  allows 
corrections  in  the  design  to  be  made  before  any  metal  is  ru*. 
Thus,  r.  near  final  design  is  obtained  before  the  expensive 
fabrication  of  the  prototype  component  is  initiated.  Even 
in  cases  where  matin  riaticul  analysis  or  computer  simula¬ 
tion  do  not  give  exact  numerical  results,  the  methods  give 
ai.  insight  into  the  operation  of  the  unit,  an  insight  which 
”tay  lead  quickly  to  design  improvements  and  a  ter 
development  period.  Examples  of  component  dynamic  anal¬ 
ysis  which  illustrate  the  usefulness  of  thir  approach  me 
given  in  Sub-Topic  7,4.7,  an  analysis  of  a  hydraulic  servo- 
actuator  by  J.  M.  Nightingale.  Sub-Topic  7.4.8  leproduces 
a  paper  oy  I).  H.  Tsai  and  E.  0.  Cassidy  in  which  the 
dynamic  behavior  of  a  simple  pneumatic  pressure  regula'or 
or  reducer  h  studi-d.  Sub-Topic  7.4  1*  is  an  analysis  of  a 
pneumatic  da-.li pot  in  a  regulator  control  element. 

At  the  present  stage  of  development,  the  analytical  ap¬ 
proach  as  yet  does  not  deal  adequately  with  certain  types 
of  components,  for  example,  complex  gas  pressure  regula¬ 
tors.  In  these  cases,  questionable  approximations  are  often 
required  in  order  to  carry  out  the  analysis  in  addition, 
laborious  hand  calc  illations,  or  long  and  expensive  computer 
runs  may  be  required.  References  33-1  and  3.1-1  describe 
the  design  and  development  of  two  pressure  regulators  of 
advanced  configuration.  In  developing  these  units,  it  was 
intended  to  apply  analytical  techniques  wherever  possible. 
The  operation  of  one  regulator  (Reference  33-1)  was  in¬ 
tensively  studied  or>  an  analog  computer.  The  second  unit 
was  analyzed  in  detail  with  the  aid  of  a  digitsi  computer. 
These  studies  gave  some  insight  into  the  operation  of  the 
regulators,  but  contributed  few  useful  .esults  to  the  de¬ 
velopment  program. 

The  ebovt  remarks  indicate  that  the  advantages  in  the 
analytical  i  pproach  are  not  always  clear  out.  Nevertheless, 
as  improvement  of  the  method  continues,  it  is  becoming  an 
indispensable  pa -t  of  fluid  comporent  development.  The 
ideal  development  cycle  is  one  which  combines  the  analytical 
and  experimental  approaches.  The  process  is  iniiiatcd  v  ith 
mathematical  studies  of  the  theoretical  design  and  com¬ 
pleted  with  opeiational  testing  of  the  hardware,  with  in¬ 
tervening  analytical  and  experimental  phases.  Table  7.4.<i 
summarizes  the  advantages  and  disadvantages  in  the  two 
approaches  to  component  development. 
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If!  Routh-Hurwit* 
criterion 


3)  Root  locus 


4)  F.jquency 
response 


5)  Describing 
function 


6)  Closed  loop, 
pole-zero 
location 
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Tatfla  7.4.6.  Summary  of  Dmii'i  Approach#* 

AUVANTAQll  OISADVANT  AOCt 


A  inn iihrul  A  li/r  iiiwh  . 

Where  applicable.  this  appioiich  giv  ■*  un  curly  insight  into 
1  he  open. lion  of  a  tnmponmt.  ,t  permit-i  problem*  in  dy 
nainic  p«  rformaiiee  tv>  he  solved  mid  a  near  final  design  (0 
lie  c'-tioned  before  metal  I*  cut.  In  these  ease*,  it  save* 
dcvelopn  -lit  time  and  cost,  lurthc  rmore,  if  good  iigreemenL 
ix- tween  test  and  analy*!*  ha*  been  achieved  for  one  basic 
unit,  analy  <1*  will  help  establish  the  design  parameter*  of 
siiii  ir  unit*  prior  lo  building  and  testing  hardware. 

N.i'fivnmfntnl  Apfuoarh 

This  approach  deal*  with  actual  component  hardware,  thus 
give..  realistic  test  results.  When  a  satisfactory  unit  is 
obtained,  the  design  can  l«>  quickly  put  into  production. 


7.4.7  Analytic  of  *  Hydraulic  Servo-Actuator 

7.4. 7.1  INTRODUCTION.  A?i  example  of  the  dynumic  per¬ 
formance  analysis  of  a  fluid  component  i*  the  valve-cylinder 
servomechanism  shown  in  Figures  7.4.7.1a  and  .'.4.7. .lb. 
The  following  exumple  is  based  cn  an  analysis  given  by 
J.  M.  Nightingale  in  Reference  1-12K.  In  this  example,  the 
frequency  resnonse  method  in  used. 

The  purpose  of  the  servo-actuator  of  Figure  7.4,7.1a  '.a  to 
provide  power  amplification  with  positional  accuracy.  The 
sei  vo,  in  response  to  a  ’veak  input  signal  or  displacement, 
exerts  a  strong  output  force  over  a  displacement,  ft..  The 
output  force  may  be  used  to  move  an  aerodynamic  control 
surface,  for  example,  or  a  gimballed  rocket  engine  foi  thrust 
vector  control.  The  internal  operation  of  the  se“vo  wau 
briefly  explained  in  Sub-Topi<  7.4  5,  in  the  puragrapt  titled 

“Schematic  Diagram."  The  principal  con  ponents  of  the  sys¬ 
tem  are  the  main  valve  and  hydraulic  cyltnriei,  which  in 
combination  are  referred  to  as  the  ealee-ry  imitr  relay.  This 
relay  constitutes  the  muscles  of  the  rsUni,  exerting  the 
required  output  force  over  the  required  displacement.  Be¬ 
cause  the  force  is  usually  large,  and  the  operation  of  the 
main  valve  *nd  cylinder  involves  time  lags,  the  performance 
of  the  relay  usually  determines  the  performance  of  the 
servo  system  as  a  whole.  An  analysis  of  the  valve-cylinder 
relay  alone  will  lie  given  first. 

7.4.7  2  DESIGN  PARAMETERS  OF  VALVE-CYLINDER 
RELAY.  The  first  phase  in  the  development  of  u  new  sys¬ 
tem  is  the  selection  or  calculation  of  the  design  param¬ 
eter*  such  as,  in  the  ease  of  a  hydraulic  servo,  the  supply 
presRur-,  valve  travel,  etc.  The  system  design  is  then 
dynamically  analyzed.  Figure  7.4.7.2a  shows  a  simplified 
version  of  the  "alve-cylinder  relay  of  Fig  are  7.4.7.1a,  in 
which  the  solenonl  and  tnai.  valves  have  ben  replaced 
by  a  single  lever -operated  \alve.  The  design  parameters  for 
this  simplified  relay  wi’I  first  be  obtained.  For  a  specific 


With  i -implex  components,  the  analvtioal  approach  fre¬ 
quently  requites  questionable  approximations,  and  either  a 
Inhorionv.  manual  computing  effort  or  long  and  expensive 
r  m.puier  runs.  Latter  may  exceed  tin  time  and  cost  of 
building  and  testing  prototype  unit.  The  theoretical  design 
may  not  demonstrate  predicted  performance  when  converted 
into  hai  Aware. 


It  give*  little  understanding  of  the  !  Uernal  operation  of 
a  component.  Thus,  design  improvements  have  to  he  ob¬ 
tained  by  a  Int-or  miss  procedure.  On  this  account,  an 
experimental  development  program  can  also  be  long  mid 
expensive. 


application,  the  following  perumeters  w'll  usually  be  known 
or  selected  in  advunce:  constant  supply  pressure,  1  cylin 
der  stroke,  L;  mi  ximum  cylinder  load,  F,„;  certain  required 
operating  times  of  the  valve-cylinder  combination;  and 
bandwidth,  u,..  The  following  design  parameters  will  then 
be  calculated:  cylinder  piston  area,  A;  f -ally-open  va;ve 
port  area,  a,,,;  differential  pressure  across  the.  cylinder 
piston,  P,  ;  no-load  volume  flow,  Q„;  and  valve  ti'avol,  X,„; 
from  zero  port  are*  to  area,  a,,..  In  order  to  obtain  explicit 
expressions  for  these  quantities,  various  approximations 
will  necessarily  be  made. 

Flow  f .-otn  the  supply  line  through  the  right-hand  valve  port 
*n  Figure  7.4.7.2a  is  given  by 

Q  B  a  <  X )  v/T5;  <Eq  7.4.7.2a) 

where  B  is  a  constant  and  a(X)  is  the  valve  port  urea  as 
a  function  of  the  valve  tra-'el,  X.  Similarly,  flow  from  the 
cylinder  thr  ugh  the  left-hand  valve  port  is 

Q  3*(X)v'T7  (Eq  7.4.7.2b) 

Assuming  that  leakage  is  small  and  both  port  areas  are 
equal,  these  two  flow  rates  will  be  approximately  equal. 
Equations  (7.4  7.2a)  and  (7.4.7.2b)  give 

P,  +  i\  =  •  ..  (Eq  7.4.7.*) 

The  differential  pressure  acting  on  the  cylinder  piston  is 

P,  P,  P,  (Eq  7.4fr.24) 

Combining  Equations  (7.4.7.2c)  and  (7.4.7.2d) 

P„  P,  P,  2-  P  (Eq  7.4.7.2a) 

Substituting  for  Pi  in  Equation  (7.4.7.2b) 

Q  V.  B  a  (X)  (Eq  7.4.7  M) 


7.4.7  -1 


ISSUED:  MAY  1*64 


DYNAMIC  ANALYSIS 


SERVO  ACTUATOR  EXAMPLE 


Ftgur*  7. 4  7.  la,  b.  In  this  vales  cyMndar  Nnanadanbrn,  Inptti  la  a  vflaga  which  la  alactronlcaWy  ampilflad  and  uaad  to  con¬ 
trol  a  aolanota  vulva.  fnadtoach  quantity  la  aha  a  voKaga  sup, riied  by  o  potantiomotar  connactod  to  tha  out¬ 
put  dovicu,  a  hydraulic  nyllndar.  A  achamatlc  diagram  la  aaau  In  (a),  and  a  Mock  diayram  for  tha  ayatom 
In(b), 


Flgura  7.4.7.2a.  Saak  ompomda  of  ona  top*  of  pewa 
drtva  ofton  uaad  In  hydraulic  sarvs  aya- 
toma  ara  a  control  watna  and  hydraulic  cyi- 
Indai .  This  aacban  Inctodaa  a  mothomotlcol 
anaiyv*s  of  bo  portormanea  o<  auch  a  Bya¬ 
tom 


Any  deairad  pott  area  function  a(X)  can  be  approximately 
reproduced  in  the  vaivu  by  making  each  port  a  row  of  spaced 
holes.  For  the  moment,  however,  it  \.'ill  be  assumed  that 
a(X)  is  linear.  Then 


«  B  X  am  IP.  -  P, 
Q Tm  ~\>  2 — 


(Eq  7.4.7  Jg) 


Equation  (7.4.7.2g)  showr  that  flow  varies  not  only  with 
valve  travel,  X,  but  also  with  pressure,  P.,  and  hence  with 
the  cylinder  load,  since  load  “  P,A.  From  the  form  of  Equa¬ 
tion  (7.4.7.2k),  moreover,  a  varying  load  introduces  a  non¬ 
linearity  into  the  system  equations  which  must  be  taken 
into  consideration.  However,  for  the  present  the  cylinder 
load  will  be  considered  constant.  Flow  is  then  proportional 
to  valve  displacement  only.  Neglecting  the  compressibility 
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of  the  fluid  within  <  hr  cylinder  and  tti,-  leakage  arm**  the 
plat  .n.  the  flow  into  the  cylinder  ia  given  l>y 

Q  A  (  1 7.4.7.2H) 

From  F.quationa  (7.v7.2g)  and  (7.4  7. 2h),  the  tranrfer 
fun-lion  relating  rylindi  r  displacement  to  valvv  displace 
ment  ia 

(F.q  7.4.7.21) 


B  a,„  I  P„  P, 

A  X\  2 


(Eq  7.4.7.2J) 


In  order  to  complete  the  aervo  the  loop  muat  ha  cloaed.  The 
'(Hip  will  often  include  other  compotionta  auch  a*  preampli¬ 
fiers,  transducer,  etc.  In  many  caaer,  however,  the  loop 
contains  only  the  v»lvt  and  cylinder,  and  la  cloaed  by  vir¬ 
tual  feedback  as  in  Figure  7.4.  i. 2b.  Feedback  it.  virtual  in 
this  conftg  .ration  due  to  the  fact  that  the  valve  cs.ilug  and 
the  cylinder  are  integral  and  floating.  The  b  ock  diagram 
of  this  servo  n  gi'  cn  in  Figure  7.4.7.2c.  The  open-loop 
transfer  function,  from  Equation  (7.4.7.21)  i« 


Y„  («)  —  <Eq  7.4.7.1k) 

8 

Thr  cloned-loop  transfer  function  ia 

V,  («)  t-? -  (Eq  7.4.7.21) 

1  t  rS 

where  r  ~  1/C. 


Fifth  a  '.4.7.2c.  Mock  Diagram  of  Valve  and  Cylinder. 

Power  del'vered  to  the  cylinder  by  the  fluid  la  proportional 
to  P,Q  or  P,  \r^.  FT,  which  can  V  shown  to  be  a  maxi¬ 
mum  when  F.  -  ■’•'3  P..  The  maximum  value  of  P, .  there¬ 
fore,  should  be  two-thirds  of  the  supply  proa>...re,  since 
maximum  power  Is  needed  at  maximum  pressure  differential 
in  the  cylinder  to  t.ntain  the  best  possible  performance. 

This  fixes  the  effective  pliton  area,  which  is  obtained  from 

*  wfz  > 

An  expression  will  next  be  derived  for  the  operating  time 
of  the  hydraulic  cylinder  in  moving  the  full  stroke  distance., 
L.  This  expression  will  oe  useful  In  obtaining  equations  for 
the  remaining  design  parameters  a,  ,  Q,„  and  Xm.  Assume 
•Irat  that  the  cylinder  in  Figure  7.4.7.2b  Is  fully  to  the  left 
(«..  -*  0),  and  that  the  valve  is  in  the  closed  position.  Assume 
next  that  the  valve  lever  h  moved  to  the  right  a  distance,  L. 
Thct  is,  an  input  »i  ”  L  Is  made.  In  servomechanisms  of 
the  type  being  studied,  L  (the  cylinder  stroke  distance)  is 
considerably  Inr.rer  than  X„,  (the  valve  travel  from  the 


Reservoir  Supply  Reservoir 


Output  dieptcoement 


Figure  7.4.7.2b.  faction  through  a  typical  valve  cylinder  relay.  Feedback  la  virtual  sinoo  cylinder  end  valve  bodice  are  Integral 
and  floating.  Relative  valve  travel  give*  direct  moat  ure  of  erw.  Analyele  of  thle  eyetom  ia  compl  leaked  by 
high  output  loading. 
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cloned  position  10  fully  open).  Thu*  wh*n  an  input,  h  —  L,, 
to  the  valve  l"v*r  la  made,  the  valve  spool  move*  pant  thr 
fully  opan  position.  Flow  through  the  valvr  now  o-cur*, 
giving  the  cylinder  the  time  response  shown  In  Flguie 
7.4.7.2d. 

Note  that  thle  time  response  ran  be  divided  into  two  ,  ha""* : 

(a)  during  whleh  the  alve  1r  fully  unrovered  and  thua  the 

cylinder  velocity,  ,  la  constant,  making  the  displace¬ 
ment  curve  a  straight  line  with  time  (the  distance  the  cyl¬ 
inder  travels  during  this  phase  Is  L-X„,  as  shown) :  and 

(b)  during  which  the  continuing  movement  of  the  cylinder 
causes  the  valve  to  close,  thus  reducing  the  cylinder  velocity 
wi_h  time 


During  phase  (a),  the  valve  Is  said  to  be  “saturated,*’  that 
Is,  the  valve  is  at  ur  beyond  the  fully-opon  position.  The 
time  of  cylinder  travel  in  this  pnaae  is 


where  Q.  is  the  constant  saturated  v>lve  flow.  From  Equa¬ 
tion  (7.4.7.Hg) 


(Eq  74.7.20) 


During  phaae  (b) ,  the  aquation  governing  the  cylinder  mo¬ 
tion  is  Equation  (7.4.7.21),  which  applies  only  when  the 
valve  is  opening  or  cWaing.  The  time  in  phase  (b)  is  ap¬ 
proximately  equal  to  Hr,  where  r  --  1/C.  Thus  from  Equa¬ 
tions  (7.4.7.2J),  (7.4.7.21),  and  (7.4.7 .2o),  the  total  time  for 
the  cylinder  stroke  is  approximate'  - 

(Eq  74.7.2p) 

T«  =  T,  +  2r 


Total  time,  T„  varies  with  the  output  load.  It  is  generally 
specified  for  the  no-load  condition  as  one  of  the  design  re¬ 
quirements.  For  thir  condition,  P,  —  0  and  from  Equation 
(7.4.7.2o) 

Q.  =  B  am  ^  (Eq  74.7 -2q) 

(n  Equation  (7.4.7  Jlp),  if  substitution-  are  made  for  Q. 
from  Equation  (7.4.7 ,2q)  and  A  from  Equation  (7.4.7 .Em) , 
and  if  the  small  term  X./L  is  neglected 


8FnX 

■y^S  B  a„,  P.  S/= 


(Eq  74.7-Jr) 


where  T.  is  the  no-load  time.  In  the  full-load  case,  operating 
time  la  a  minimum  when  P.  ■*  2/8  P..  For  thie  case,  from 
Equations  (7.4.7.2m),  (7.4.7.2o),  (7.4.7.2p),  and  (7.4.7.2r), 
neglecting  X./L  in  Equation  (7.4.7.2p) : 


T,  =  y/TfT.  (Eq  74.7  As) 


Figure  74.7.2d.  Time  Response  of  CyHndor. 


From  Equation  (7.4.7.?r)  : 


3  F„.  L* 

a,,,  - 747.21) 

V/  2  B  Tn  P,  % 

Maximum  flow  demanded  from  the  supply  occurs  under  no 
load  and,  from  Equations  (7.4.7.2q)  and  (7.4.7.2t),  It  Is 


S  F,„  L 

TF.T7 


(Eq  74.7.2U) 


All  of  the  required  parameters  have  now  boon  determin’d 
except  the  valve  travel,  X...  in  the  region  0  X  -  X„„  as 
noted,  Equrtion  (7.4.7.21)  governs  the  cylinder  motion.  The 
frequency  reepoi.se  bandwidth  within  this  sone  is  thus 

=  1/r  C  (Eq  74.7.2V) 

Substituting  from  Equations  (7  4.7.2J),  (7.4.7.2m), 
(7.4.7.20),  and  (7.4.7.2r)  in  (7.4.7.2v) ,  taking  Q.  -  Q. 


L 

"X„,T„ 


(Eq  74.7.2W) 


Thu*  for  inputs  of  approximate  amp'itude,  X.,,  and  for 
frequencies  up  to  v,.  the  output  is  a  fairly  faithful  repro¬ 
duction  of  the  input.  For  any  gi  eater  Input  signal  of  mag¬ 
nitude,  |*i  |,  frequency  response  is  limited  by  flow  t  .turation 
of  the  valve.  In  this  case,  as  can  be  shown,  accurate  response 
can  be  obtained  only  up  to  a  frequonev 


(Eq  74.7.2X) 


7.4.7.S  ANALYSIS  OF  VALVE-CYLINDER  RELAY.  In 
the  previous  paragraph,  several  assumptions  were  made  in 
order  to  determine  the  design  parameters  of  the  valve- 
cylinder  servomechanism  shown  in  Figure  7.4.7  Jib.  One  of 
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the  assumptions,  which  in  trite  »«l>  for  i‘n**U  output  load*, 
wss  that  the  hydraulic  >.u»L  !n  the  itmr  I*  incom¬ 
pressible.  This  assumption  was  used  ir.  writing  Equation 
(7.4.7.2h).  In  the  following  dynatm L  n;»lysis,  impressi¬ 
bility  of  the  fluid  is  taken  into  accnu  ■>  in  the  corrc  ending 
equation.  The  valve  cylinder  relay  of  Figure  7.4.7.2b  is  a 
self-contained,  closed-loop  servo  system.  It  will  be  analysed 
by  the  frequency  response  method. 

The  flow  through  the  valve  ports  is  given,  with  suitable 
accuracy,  by  Equation  (7.4.7.2f).  In  this  equation,  a(X) 
represents  the  valve  port  area  as  a  function  of  the  val  e 
travel  X.  In  order  to  use  linear  analysis,  the  relation  be¬ 
tween  Q  and  X  in  Equation  (7.4.7.21)  shcuH  be  linearly 
proportional,  but  ;«  practice  this  is  hardly  likely  either  by 
purpose  or  accident.  If,  then,  some  general,  non-linear  func¬ 
tion  a(X)  is  assumed,  the  problem  become:  one  in  non¬ 
linear  mechanics  an**  requires  mare  advanced  methods  of 
analysis.  Linear  theory,  however,  provides  such  a  clear  pic¬ 
ture  of  system  behavior  and  is  so  convenient  for  investigat¬ 
ing  the  effect  of  changing  parameters  that  it  is  worthwhile 
trying  to  employ  it  in  the  present  case,  although  It  is  at 
best  only  an  apptoximation. 

Various  techniques  exist  for  linearixing  non-linear  equa¬ 
tions  such  as  Equation  (7.4.7.2f).  The  simplest  of  these, 
known  as  the  small  perturbation  method,  will  be  adopted 
hero.  The  method  co  sists  of  considering  only  small  distur¬ 
bances  which  are  superimposed  on  a  relatively  gradual  or 
steady-state  motion.  The  variables  in  the  steady-state  mo¬ 
tion  are  considered  to  change  so  slowly  that  they  may  be 
treated  as  constants  relative  to  the  disturbances.  Although 
only  an  artifice,  this  quasi-steady-state  method  gives  useful 
results  in  servo  system  analysis.  The  closeness  between 
theory  and  practice  is  influenced  oy  the  fact  that  propor¬ 
tional  feedback  tends  to  reduce  nonlinear  distortion  and  also 
because  higher  harmonics  introduced  by  nonlinearity  are 
severely  attenuated  or  cut  off  above  the  bandwidth  of  the 
servo. 

A  word  of  caution  must  he  given  here  since  both  these  miti¬ 
gating  in ‘uences  will  not  hold  for  very  large  disturbances, 
These  disturbances  can  only  be  investigated  by  nonlinear 
mechanics  through  the  use  of  an  analog  computer. 

The  small  perturbation  method  is  based  upon  an  approxi¬ 
mation  obtained  from  a  Taylor  series  expansion  of  a  func¬ 
tion.  Thus,  if  X..  is  a  constant  value  of  X,  and  x  is  a  tmall 
increment  or  perturbation  in  X  around  X,, 


(Eq  7.4.7.3a) 

/(X)  /(X,.»x)./(X„)ix^ 

Higher  terms  of  the  expansion  are  neglected.  The  artifice 
auopted  in  linearization  is  to  say  that  while  X.,  is  not  ac¬ 
tually  constant,  it  represents  a  temporary  mean  value  which 
changes  so  slowly  compared  to  x  that  it  can  be  regarded  as 
constant.  Then  ‘.he  right-hand  sine  of  Equation  <7.4  7.3a) 
may  be  separated  into  two  components,  a  steady-state  quan¬ 


tity,  /(Xu),  and  a  small  perturbation  term,  x  .  in 

<iX 

the  latter  term,  is  »l*o  considered  constant  and  so 

dX 


the  perturbation  term  is  a  linear  function  of  the  perturba¬ 
tion,  x.  By  considering  only  small  perturbations  in  all  the 
system  variable »,  a  set  of  linear  equations  is  obtained  which 
describes  the  disturbed  tate  of  the  system.  It  is  then  pos¬ 
sible  to  investigate  the  stability  of  the  system. 


Since  P,  n  Equation  (7.4.7.2f)  depends  on  the  output  load 
and  ‘  *■ cannot  be  regarded  *.j  constant,  it  is  necessary  to 
consider  a  small  perturbation  p,  about  a  steady  quantity 
Pr„.  Disturbed  flow  from  the  valve  is : 


(Eq  7.4.7.3b) 

Qh  =  Qo  +  q  -  Ba(X„) 


where  (JQ/JX)^.:,,  and  (3  Q/3  P.),.^  ara  both  evalu¬ 
ated  for  X  =  X„  and  P,  —  P,„. 


By  aeparating  out  the  perturbed  components  of  Equation 
(7.4.7.3b)  and  introducing  convenient  parameters  K  and  x. 


where 


q  =  A  K  (x  -  (Eq  7  4  7.3c) 

'  '  '  1 


(Eq  7.4.7.3d) 

(Eq  7.4.7.3a) 


A<-  _AftqVA(^)U 

Factor  K  is  the  slopo  gain  constant,  while  is  called  the 
stiffness  of  the  valve  and  gives  the  gradient  of  cylinder  ef¬ 
fort  against  valve  displacement  for  constant  flow  Q... 


In  addition  to  the  component  of  flow  tending  to  displace  the 
cylinder,  a  component  due  to  the  compressibility  of  the 
fluid  in  the  cylinder  must  be  considered.  This  depends  on 
the  rate  of  change  of  P>  and  P».  If  the  cylinder  is  in  its 
mid  position,  balanced  flow  exists  for  each  side  of  the  cyl¬ 
inder  oiston.  Then  for  the  right  side  in  Figure  7.4.7.2b,  the 
continuity  equation  is 

(Eq  7.4.7.30 

ptQ  =  w  (p,v'}  pi  "iSr  +  v- 
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where  n  *”  density  of  fluid  in  right  side  of  cylinder 
V.  *-=  volume  of  fluid  in  one  naif  of  cylinder 


From  Equation  (7.4.7.3f) : 


Q  -  A  — -  1  ™  — i 

y  A  dt  E  dt, 

where  E  =  bulk  modulus  of  fluid. 

From  Equations  (7.4.7.2c)  and  (7.4.7.2d), 

dP,  _  1  dPc 
dt  2  dt 


(Eq  7.4.7.3s) 


(Eq  7.4.7.3h) 


and  thus 


«  =  +  «7*7J,> 


where  V,  =  tota?.  volume  of  fluid  in  cylinder. 

The  same  equation  can  be  obtained  for  the  left  side  of  the 
cylinder.  By  considering  only  small  perturbations  in  Q,  9 ., 
and  P<,  and  introducing  Laplace  transforms 


q  =  Ab^«„  + 

where  X,  —  cylinder  stiffness 
=  4  A1  E/V, 


(F)  7.4.7.31) 


ances.  The  equations  will  be  ured  to  investigate  system  sta¬ 
bility  and  response. 

Stability.  As  always,  stability  must  be  the  flrst  considera¬ 
tion.  It  can  be  -hown  that  the  worst  conditions  for  absolute 
stability  exist  when  the  cylinder  piston  is  in  its  midposition 
ami  when  the  output  load  is  nimply  an  inertia  force.  In  this 
case,  from  Equation  (7.4.7.3m) : 


{  (b)  =  ms* 


(Eq  7.4.7.Sp) 


The  open  and  closed-loop  transfer  functions  for  this  con¬ 
dition  are 


(Eq  7.4.7.3q) 


Y„ (B)  = 


s  (i  +  ?J5!  +  15!!' 

\  At  Aq  / 


(Eq  7.4.7.3r) 


Y.  (») 


(k  + .  +  +  ml 

\  Av  Ac 


From  these  expressions  absolute  stability  can  easily  be  in¬ 
vestigated  by  the  Hurwitz  criterion.  This  gives  the  neces¬ 
sary  condition  for  stability  as  K  m/X,  >  K  m/Xt  or 


A«  >  Av 


(Eq  7.4.7.3a) 


Finally,  the  load  on  the  cylinder  must  be  considered.  In  the 
general  case,  the  load  includes  inertia,  damping,  and  spring 
loads.  Thus 

(Eq  7.4.7.3k) 

Ap,  =  m£A+f^+k*. 

Considering  perturbations  and  transforming 

A  pc  =  C  (s)  t'o  (Eo  7.47.31) 

where  (  (s)  =  ma*  +  fs  +  k.  <&I  7.4.7.3m) 

By  eliminating  between  Equations  (7.4.7.3c).  (7.4.7.3J), 
and  (V.4.7.S1),  the  open-loop  transfer  function  is  obtained 

(Eq  7.4.7.3n) 

Y.(S)  =  -£<b)  - 

The  closed-loop  transfer  function  is  therefore 

(Eq  7.4.7.3o) 

Yo  (8)  •■=  £  (8)  = 

vi 

Equations  (7.4.7.3;i)  and  (7.4.7.3o)  describe  the  behavior 
of  the  servo  when  subjected  to  small  to  medium  disturb- 


0-£M(i+£-) 


This  criterion  can  be  interpreted  physically  as  follows.  If 
the  output  inertia  load  increases,  then  the  fluid  column  in 
the  cylinder  will  shorten  because  of  compressibility,  causing 
relative  movement  between  the  valve  casing  and  spcol.  The 
resulting  valve  opening  causes  a  change  in  the  differential 
cylinder  pressure.  The  change  in  effort  produced  by  this 
piust  not  exceed  tho  change  in  the  output  load.  If  the  valve 
does  over-compensate  for  the  change  in  load,  then  the  cyl¬ 
inder  will  move  back  and  a  continuous  cycle  will  be  set  up. 

To  reduce  valve  stiffness,  X,,  sufficiently  to  satisfy  equa¬ 
tion  (7.4.7.3s),  there  must  be  some  constant  leakage  past 
the  valve  lands.  Two  possible  ways  of  achieving  this  are 
by  means  of  underlap  or  overlap  at  the  valve  ports,  as  in 
Figure  7.4.7.3a.  Within  the  region  of  valve  lap  the  ports 
act  as  a  variable  resistance  bridge.  Differential  pressure  de¬ 
pends  on  the  resistance  ratios  ar.d  hence  or.  the  relative 
valve  displacement.  If  no  lap  13  provided,  a  very  small  valve 
displacement  applies  full  system  pressure  across  the  cylin¬ 
der  piston,  with  resulting  over-correction. 

Even  if  stability  is  not  satisfied,  it  does  not  necessarily 
mean  that  an  oscillation  can  grow  indefinitely.  The  equa¬ 
tions  have  been  linearized  and  deal  only  with  relatively 
small  movements.  As  the  ampUtvJe  increases,  however, 
parameters  K  and  X,  will  change  sufficiently  to  restore 
stability  or  limit  the  amplitude,  although  this  may  not 
happen  until  the  valve  ports  are  fully  exposed  and  the 
system  saturates.  This  me<-  is  that  a  steady  oscillation  will 
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Flgu.e  7.4.7.3a.  Valve  stiffness  In  tha  neutral  position  may 
be  reduced  by  either  underlap  or  overlap. 
Underlap  signifies  that  the  valve  spool  does 
not  completely  dose  the  ports  whan  tha 
spool  Is  centered;  overlap  means  that  tha 
vshre  spool  lands  exceed  the  width  of  the 
ports. 


TIMt  t 


Figure  7.4.7.3b.  Oscillation  does  not  necessarily  Increase 
indefinitely.  It  may  be  a  small,  steady 
oscillation  superimposed  on  the  steady 
output  motion  of  the  serve. 


be  superimposed  on  the  steady-state  motion,  as  in  Figure 
7.4.7.3b.  In  practice  it  has  been  found  satisfactory  from 
the  stability  viewpoint  to  satisfy  Equation  (7.4.7.3s)  for 
all  possible  values  of  X  within  the  range  of  maximum 
travel  in  either  direction  and  for  all  possible  values  of  P, 
within  the  range  of  allowable  output  loading. 


Reapoaaa.  The  vdve  travel,  X,  aa  noted  earlier,  can  be 
divided  into  two  son^e :  O  <  X  <  X„,  where  the  valve  le  not 
saturated,  and  XsX.  where  it  ia.  The  0  <  X  <  X*  sons  is 
also  referred  to  at  the  linear  tone  of  servo  operation,  al¬ 
though  the  valve  port  area  function,  a(X),  in  this  zone 
ia  not  necessarily  purely  linear  with  X. 

Along  with  stability,  satisfactory  response  within  the  linear 
zone  of  the  servo  is  a  primary  performance  requirement. 
As  previously  noted,  response  characteristics  are  seriously 
impaired  by  flow-saturation  outside  the  linoar  zone.  Pro¬ 
vided  small  motions  only  are  considered,  Equation  ( 7.4.7. 8r) 
can  be  used  to  obtain  the  response  characteristics.  If  u 
sudden  step  from  one  steady  demand  to  another  which  ia 
quite  close  to  the  first  occurs,  tha  output  should  respond 
quickly  and  without  too  much  oaclllation,  as  in  Figure 
7.4.7.3c.  It  must  ha  stated  that  for  largo  disturbances  the 
problem  actually  belong  to  the  field  oi  nonlinear  mechanics. 
Yet  it  Is  surprising  how  dose  the  small  perturbation  meth¬ 
ods  are,  ever,  for  quit*,  large  disturbances. 

Linear  analysis  methods  can  be  used  to  investigate  response 
from  Equations  (7.4.7.3q)  or  (7.4.7.3r).  Since  the  denomi¬ 
nator  of  Equation  (7.4.7.3r)  is  in  cubic  inches,  it  is  possible 
to  use  transient  response  methods  fairly  simply.  However, 
parameters  K  and  x„  cannot  be  easily  adjusted  independ¬ 
ently  and  so  it  is  difficult  to  attempt  to  optimise  design 
parameters  by  this  technique.  Therefore,  frequency  response 
techniques  will  be  used. 

Substituting  j«  for  s  in  Equation  (7.4.7 .Sq)  gives  the  open- 
loop  harmonic  response  function 


(Eq  7.4.7  Jt) 


Figure  7.4.7.3c.  If  established  response  requirements  am 
i  .set,  servo  response  wil*  bo  quick  and  wall 
damped.  Although  a  small  change  In  re¬ 
quited  output  Is  considered,  response  to 
largo  changes  In  output  requirement  may 
ba  similar. 


f* 

o 
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Prom  this  a  Nyqutat  plot  can  be  made,  as  shown  in  Fig¬ 
ure  7.4.7.3d.  Aa  Equation  (7.4.7.8t)  ahowa,  a  change  in  K 
not  only  alterc  the  scale  of  the  diagram,  but  alao  the  ahape 
of  the  Y.  (jw)  curve.  Thia  ia  often  a  feature  of  systems  in 
arhich  there  ia  interaction,  aa  between  output  load  and  valve 
flow.  This  interaction  ia  illustrated  by  the  subsidiary  feed¬ 
back  loops  in  the  «ervo  block  diagram,  Figure  7.4.7.3e, 
which  represents  Equations  (7.4.7.3c),  (7.4.7.SJ),  and 
(7.4.7.81) 


The  phase  angle  of  Y.  (JO  ia  —  180°  when 
gain  margin  la 


VWm.  Thus 

(Eq  7.4.7.3U) 


From  Equation  ('(.4.7.3a) ,  the  critical  condition  for  stabil¬ 
ity  is  reached  when  the  gain  margin  equal*  1.0.  Exause  of 
the  simple  ahape  of  the  Nyquist  curve  for  Y„(j«),  Figure 
7.4.7.8d,  a  satisfactory  value  of  gain  margin  in  thia  case 
is  4.0.  More  complex  shapes  will  require  considerably  higher 
gain  margins. 


By  now  adjusting  the  value  of  K  it  is  possible  to  achieve  a 
suitable  phase  margin.  By  making  the  phase  margin  45° 
and  taking  |  Y,|  =*  1.0  in  Equation  (7.4.7 .St),  the  optimum 
gain  constant  ia 

(Eq  7.4.7.3V) 


Y„  Hunt 

Figure  7.4.7  .io.  Tyoteei  Nyquist  plot  lor  a  hydraulic  relay. 

A  change  In  gain  constant,  K,  can  altar 
the  shape  aa  wan  aa  the  anla  of  the  plot 
This  often  happens  In  systems  where  inter¬ 
action  occurs. 

This  is  sn  easy  method  of  determining  K  when  numerical 
data  are  available,  but  when  dealing  with  algebraic  expres¬ 
sions  it  can  become  tedious.  In  the  present  case,  when 
certain  of  the  parameters  auch  aa  K  end  k,  can  assume 
widely  varying  values,  depending  on  the  particular  steady- 
state  condition  choeen,  it  is  very  helpful  from  the  standpoint 
of  undei  standing  system  beharior  to  work  with  algebraic 
expressions.  Iu  this  connection,  rome  useful  approximations 


the  amplitude  response  is 

(Eq  7.4.7  Jta) 

|Yc  (j«) !  =  |£(j«-)| 

K 


Thia  mav  be  plotted  against  frequency,  as  in  Figure  7.4.7.8f. 
The  response  tends  to  two  resonant  peaks  at  frequencies 


t  7.4  7. Je  Subsidiary  feedback  loops  in  this  block 

diagram  of  a  hydraulic  relay  represent 
interaction  between  components. 


Figure  7.4.7.51.  A  plot  amplitude  ratio  versus  frsqusncy 
shows  that  there  are  generally  two  roao- 
nent  frequencies  The  two  peaks  must  not 
coincide  or  the  system  wW  bo  unstable. 
OrdbrsiHy,  <*,  should  be  larger  than 


issuedi  o~roant  ms 
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approximately  given  by  #>  -•  Vwin  and  *,  —  y/K/m.  Thus 
the  stability  criterion,  Equrt'on  (7.4.7.3s)  can  be  written 
as  mi  <  «■.  If  Mt  ”  «#i,  the  two  peaks  will  merge  into  a  single 
peak  of  inAnits  height,  Indicating  that  the  output  w:'.l  in¬ 
crease  indefinitely  at  this  frequency  of  excitation. 

For  a  recommended  gain  margin  x,/x.  of  4.0  or  more, 
^  2  For  this  condition,  the  peaks  are  definitely  sepa¬ 
rated  and  compressibility  in  the  cylinder,  as  represented 
by  l/x„  will  have  little  influence  on  the  maximum  ampli¬ 
tude  ratio  Mi  at  n.  This  ratio  is  obtained  from  Equation 

(7.4.7 .8x)  by  making  the  substitutions  «-=«*,,  *■ 

y  m 

and  \jh l  —  «, 


0  Frequency, n/trod  per  sec) 


V  -  K*n/*»t  J4  7W,  Figure  74.7.3*.  By  PmiJng  n-exlmufn  amplitude  mtk. to  1.0. 

~  Tfz rr — i  f  *  a  aerthitertory.  practical  system  la  achieved, 


V  »ja  —  e»i* 

If  an  is  very  much  larger  than  e,  K  a  M,  w>.  Since  •*  is  seme 
measure  of  the  bandwidth,  this  shows  that  K  influences  both 
maximum  amplitude  ratio  and  bandwidth.  If  a  maximum 
amplitude  ratio  M>  *“  1.5  is  assumed.  Equations  (7.4.7 .8x) 
and  (7.4.7.3y)  give  the  optimum  gain  as 


although  theoretically  the  system  la  over- 
damped. 


K  =  1.6 


g  J  (Eq  74.7-Sx) 


This  K  is  slightly  higher  than  that  given  by  the  phase 
margin  criterion,  as  in  Equation  (7.4.7.8vj. 

In  practical  cases,  it  may  not  be  possible  to  isolate  m  and  m, 
sufficiently  to  make  these  epproximations.  and  exact  and 
tedious  algebraic  expressions  must  be  used.  Great  simplifi¬ 
cation  can  be  achieved  if  the  maximum  amplitude  ratio  is 
limited  to  M,=  1.0.  Although  in  theory  this  tends  to  give 
an  overdamped,  sluggiah  response,  practical  results  indi¬ 
cate  that  the  choice  is  satisfactory  in  the  present  case.  If  the 

conditions  M,  -*  |  Y,  |  -  1.0  and  —  iXil  =  0  are  applied  to 

dM 

Equation  (7.4.?.3x),  the  following  value*  are  obtained  for 
the  optimum  gain  constant,  and  for  the  frequency  at  the 
peak  where  M,  1 


A,  -  2 
/  m 


(Eq  7.4.730 


«,  =  J— - -  (Eq  7.4.73b') 

\  m 

The  amplitude  ratio  plot  for  thu  case  is  given  by  Figure 
?.4.7.3g  As  shown,  the  unit  is  so  heavily  damped  that  no 
second  peak  occurs.  If  X,/x.  <  4.0,  there  will  be  no  resonant 
peak,  as  seen  in  Figure  7.4.7 .3h,  but  the  actual  transient 
response  will  be  far  too  sluggish. 

The  preceding  analysis  shows  that  the  relationship  between 
X,  end  X,  is  critical  for  stability.  In  practice  it  may  be  diffi¬ 
cult  to  increase  X.  so  as  to  isolate  compressibility  effect* 
from  the  operating  range.  Stiffness  of  the  fluid  column  in 
the  cylinder,  from  before,  is 


4  k 


Frequency,  <*>  (rad  per  sec) 


Figure  7.4.73H.  Damping  cm  he  Incorporated  to  cNmtocto 
an  resonant  patois,  to  tola  eaaa.  tmralmt 
res ponte  vrnuW  be  far  too  ahgfWi  to  a 
practical  ayatam. 


(Eq  7.4.73c') 


X,  =  4A*E/V  t  =  4AE/L 


Thus  to  increase  X„  the  jack  stroke,  L,  should  be  kept  as 
short  as  possible  and  the  area,  A,  as  large  aa  possible.  Also, 
E  should  be  ss  high  as  possible.  Under  actual  operating  con¬ 
ditions,  the  hydraulic  fluid  will  absorb  air  bubbles  which 
will  be  suspended  in  the  fluid.  This  tends  to  lower  the  effec¬ 
tive  E  according  to  the  volumetric  fraction  of  air  contained, 
and  suggests  the  possibility  of  maintaining  the  fluid  in 
the  cylinder  at  a  base  pressure.  Sines  minimum  pressure 
rs»  one  side  of  the  cylinder  occurs  under  maximum  out¬ 
put  load,  and  from  Equations  (7.4.7.2e)  and  (7.4.7.2d)  is 
(P.  —  P.  «..)/2,  it  is  desirab'e  to  limit  P. ...  It  vas  previ¬ 
ously  suggested  that  P.  be  limited  to  2/8  P.  by  power 
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jonsiderations.  This  gives  a  minimum  praasura  of  P./A  in 
the  cylinder — normally  a  aatiafactory  valua.  Such  a  hare 
preaaura  can  ba  maintain'd  by  nautral-lap  leakage  paat  >he 
v*l»e  lands. 

Physical  Parameter*.  Raaulta  thua  far  hava  been  obtained 
In  tarma  of  two  rathar  unreal  parameters,  X  and  X..  Now 
these  results  must  oe  related  to  physical  design  parameters. 
Response  and  staHJity  must  be  Investigated  for  all  possible 
combinations  of  these  two  parameters.  To  do  this  work,  the 
concept  of  a  K,  X.  plana  containing  all  posr.lbl*  values  is 
necessary.  On  this  plane  it  is  possible  to  plot  contours  repre¬ 
senting  the  stability  limits  and  also  lines  of  constant,  Mt. 
and  constant  bandwidth,  «*.  Figure  7.4.7.81  is  such  a  plot. 

By  superimposing  on  this  diagram  characteristics  repre¬ 
senting  the  limits  of  Hrw  operation  (that  is,  operation  in 
the  tf  <,  X  <,  X„  sons  of  valve  trawl),  it  is  possibls  to 
inspect  performance  at  nil  steady  operating  points.  Equa¬ 
tion  (7.4.7.2f)  gives  the  valve  port  flow  for  a  general  port 
aroa  function,  a(X) .  If  the  valvo  port  area  la  made  to  vary 
linearly  with  X,  the  flow  is  given  by  Equation  (7.4.7 ^g) . 
From  Equation!  (7.4.7.2g),  (7.4.7.8d),  and  (7.4.7.Se)  s 


Figure  7A7JL  To  baneftgate  eervo  performance  under  all 
pseePMe  condRiona,  lines  of  constant  max¬ 
imum  amplitude  ratio,  Mi,  and  constant 
hondoldtha,  •*.  art  plotted  on  the  K,  x. 
piano. 


K  (Eq7A7An 

A,  =  2A-1P^~  Pco)  (tq  7A7 JoO 

The  range  of  possible  operating  cond.  .one  ia  given  by 
0  <,  X.  <  X„  0  <  P,.  <;  P.  _u,  where  the  subecript  (o)  in 
X*  and  P..  signifles  steady  values  of  X  and  P..  From  Equa¬ 
tion  (7.4.7 .3d'),  linea  of  constant  P..  are  parallel  to  tho  X, 
axis,  as  in  Figure  7.4.7XJI  From  Equations  (7.4.7.3d')  and 
(7.4,7.8e') ,  lines  of  constant,  X.,  are  given  by 
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nguro  7.4.7 J|.  SuporlmpeoMon  of  actual  mtvo  oparotloii 
cundWIona  on  the  K.  x.  piano  shorn  how  a 

JjVeMVVV  •  Vl»ft  wlyi  Ml  OVMMp  w 

iindflin  bucomM  unitibli  wtiM  Km  idooI 

^AA  AAi  XaA  I 

M  HI  IMUwwi  pVmvEKin. 


K  =  ^yj^r  7A7Jf> 

The  shaded  region  in  Figure  7.4.7.81  it  obtained  by  sub¬ 
stituting  the  extreme  values  of  P,„  and  X.  in  Equations 
(7.4.7.3d')  and  (7.4  7.3P).  This  region  thua  represents  all 
possible  operating  conditions  of  tho  servo.  Combining  Fig¬ 
ures  7.4.7.31  and  7.4. 7.3 j,  it  is  easy  to  study  the  performance 
variation  over  the  operating  range. 

From  Equation  (7.4.7.8e')  it  can  be  seen  that  at  the  neutral 
valve  position,  X.  -  0,  the  valve  stiffness,  X.,  becomes  infi¬ 
nite.  Hence,  'n  theory  the  stability  criterion.  Equation 
(7.4.7.3s),  is  not  oatiefted.  This  is  confirmed  in  practice 
by  the  continuous  hunting  of  many  valve-cylinder  servos  in 
the  neutral  region.  Stability  in  tide  region  can  be  achieved 
by  two  methods. 

a)  Providing  tap  at  the  va've  lands,  as  in  Figure  7.4.7.3a. 
For  a  suitable  lap,  h,  tha  operating  range  in  the  K,  X,  plane 
becomes  the  shaded  area  in  Figure  7.4.7.8k,  which  is  com¬ 
pletely  to  the  left  of  the  unstable  region. 

b)  A  nmall  leak  across  the  cylinder  piston,  together  vith  a 
region  of  reduced  gain  near  the  neutral  valve  position. 

Msthod  (b)  is  the  more  effecti”e  and  economic  technique. 
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nvm  7.4.7.8k  ute  of  lap  on  volwo  lands  permits  the  eya- 
tarn  to  bo  kopt  out  of  tha  unstable  region. 


7,4. 7.4  ANALYSIS  OF  COMPLETE  SYSTEM.  Tha  main 
valve-cylinder  relay  of  the  servo  iy»tem  shown  in  Figure 
7.4.7.1a,  analysed  in  the  previous  section,  treated  the  relay 
as  a  self-contained  closed  loop  servo  system.  The  complete 
system  of  Figure  7.4.7.1a  will  be  analysed  next.  In  this 
system,  the  valve-cylinder  relay  is  an  open-loop  device,  and 
feedback  is  provided  by  electrical  component*  as  shown.  The 
open-loop  transfer  function  of  the  relay,  which  was  derived 
in  the  last  section,  will  be  used  in  the  following  analysis. 

System  Equations.  The  system  input,  is  converted  to  a 
voltaire,  K,#i.  by  potentiometer  A  (Figure  7.4.7.1a).  The 
system  output,  is  converted  to  the  feedback  voltage,  K>#., 
by  potentiometer  B,  which  has  the  same  gain  constant  as  A. 
V  is  the  difference  between  the  two  voltages 

V  -  K,  (d,  -  d0)  <*«  74.74a) 


turn  produces  a  proportional  displacement  of  the  main  spool 
valve.  The  transfer  function  i elating  the  mala  spool  dis¬ 
placement  with  the  dapper  form  tnelrdos  a  simple  time  lag 
tarn  and  is  therefore 

?<*>  TT7S 

Final!/  for  tha  main  valve-cylinder  relay,  the  open-loop 
transfer  function  is  given  by  Equation  (7.4.7  .Sq) ,  nooumlng 
that  the  output  toed  is  simply  on  inertia 

(M  74.74a) 

Hera  k*  is  tbs  slope  gain  constant  Based  upon  the  above 
equations,  the  block  diagram  for  tha  complete  system,  Fig¬ 
ure  7.4.7.1b,  can  bs  constri  cted.  In  th*s  diagram,  the  blocks 
for  potentiometers  A  and  B  in  Figure  7.4.7.1n  are  repre¬ 
sented  by  tha  single  equivalent  block,  K>,  b- tween  e  and  V, 
whan 


•  =  #,  -d.  (Iq  7A.7M) 


Tha  open-loop  transfer  function  of  the  system  con  now  bs 
obtained  simply  by  multiplying  the  transfer  functions  of 
each  box  in  the  forward  path 


Y.ts)  =£(■) 


(Eq  74.74c) 


_ K _ 

...  ,  .  /.  7  K„  ms 

8(1  +  r,B)  ^1  +  - 


where  K-~  K  K.  K.  K.  K.  —  net  open-loop  gain  constant 
The  closed-loop  transfer  function  is 


(Iq  74.74b) 

Y«  (8)  =  ^  (8)  =  . 

_ K  _ 

brjS*  t  (lr<  +  b)8*  +  (•  +  r«)8J  +  8  +  if 
whore  a  “  LmA.  and  b  “  m/X«. 

Performance.  The  drat  atop  in  analysing  thia  system  is  to 
investigate  the  condition  for  absolute  stability.  Tha  condi¬ 
tion  to  be  achieved  (Reference  1-181,  page  SO,  Kquaticn  IK) 

is 


V  is  amplified  and  used  to  drive  the  magnetic  solenoid  relay. 
Current  delivered  by  the  amplifier  is 

i  =  Ks  V  (Cq  7.4.74b) 

The  relay  develops  a  force  F  proportional  to  this  current 

F  =  K,i  (Eq  7.4.7.4c) 

Thin  force  is  developed  at  the  dapper  of  a  fUpper-nonle- 
t  pe  hydraulic  pilot  valve.  A  roughly  proportional  pressure 
is  devt  loped  in  the  chamber  of  the  pilot  valve  and  this  in 


It  should  be  noted  that  the  value  of  K  can  be  adjusted  inde¬ 
pendently  of  K*  the  gain  constant  of  tho  valve-cylinder 
relay.  In  practice,  the  gain  constant,  K.,  of  the  electronic 
amplifier  U  usually  readily  adjusted  to  change  the  gain  set¬ 
ting  of  the  system.  Thus  L  can  be  fixed  at  a  value  suitable 
for  the  design  of  the  valve-cylinder  relay.  Fr  jtn  gain  margin 
considerations,  K  should  be  about  one-fourth  of  the  right 
hand  side  of  Equation  (7.4.7.41)  or  lees. 


7.4.7  11 


JtSUEDi  OCTOaCft  IMS 
SUPEftSCDCSi  MAY  1864 


SERVO-ACTUATOR  ANALYSIS 


DYNAMIC  ANALYSIS 


s 


Imaginary 

axis 


Fleur*  7.4.7.44.  In  addition  to  th*  loqulrsment  that  th* 
Dy*uM  c4ot  *houl4  ■mt*ppwcft  th*  -1, 
0  point  too  (My,  tho  loop  locus  mu4 
not  Intaraoct  th*  drei*  for  *t*M- 

Ity.  Thl*  prevents  InatabMKy  of  th*  Nydnu- 
Kt  r*l*y. 


Equation  (7.4.7.<f)  can  be  written  in  the  tame  form 

(Eq  7.4.7.41) 

Y„  (8)  =•  K/br< 


By  equating  similar  coefficients  of  Equation  (7.4.7.4k)  anr1 
Equation  (7.4.7.41)  :  K/br.  —  0‘,  1/br,  —  2.6  0\(a  +  r,)/bTi 
3.4  ft*.  and  (an  4-  b)/bn  —  2.6  0.  Now  the  transient  ~e- 
sponse  is  determined  by  the  parameter,  {).  The  relationship 
among  the  coefficients  in  Equr.tion  (7.4.7.4k)  insures  that 
the  maximum  overshoot  for  a  step  lunction  is  limited  to 
10  percent  of  the  step,  while  the  build-up  time  is  given 
by  T*  -  4.2/1..  Therefore,  by  Axing  a  suitable  build-up  time 


and  hence,  0,  four  relationships  am  on*  the  parameters  a,  b, 
r„  and  K  are  obtained.  It  is  possible  to  solve  these,  but  this 
is  a  difficult  task  since  it  involves  the  explicit  solution  of  a 
cubic  equation.  It 's  possible,  however,  to  obtain  a  graphical 
solution  quite  easily.  Suppose  the  desired  build-up  time  is 
0.016  seconds.  This  gives  n  -  1160.  Direct  substitution  in  the 
Arst  two  equations  obtained  above  by  equating  coefficients  of 
Equations  (7.4.7.4k)  and  7.4.7  4!)  gives  K  -  100.  Substi¬ 
tuting  for  O  in  the  other  two  yields  the  expressions 


i  -f  r.  -  0.005 

M.8  r,  -  0.022 

10*  r? 


ft*  7.4.7.4m) 
(tq  7.4.74m) 


These  aquations  are  solved  by  plotting  a  versus  r„  as  given 
by  both  Equation  (7.4.7.4m)  and  (7.4.7.4n).  The  point  of 
Intersection  of  the  two  curves,  which  is  the  solution,  gives 


a  «  0.0023  seconds,  r,  «  0.0077  seconds 

Substitution  of  tha  value  of  r.  in  1/b  .  *■  2.6  ft1  (from 
above)  gives  b  -  1.1  X  10  *  sec".  In  this  caaa,  the  following 
error  for  s  constant-velocity  input  of  1.0  inches  per  second 
is  0.010  inch. 


Tha  sort  of  delays  in  tha  hydraulic  relay  implied  by  the 
values  of  (a)  and  (b)  obtained  are  qu:te  small,  and  in 
practice  may  be  dl'Scult  to  achieve.  With  the  values  likely 
to  be  encountered,  the  value  of  ~ein  tolerated  would  not  be 
so  great.  There  are  ways,  however,  of  compensating  for 
lags  in  power  ampHAers,  such  as  the  present  servo  system, 
so  that  high  gains  can  be  used  to  improve  response  and 
accuracy  withovt  causing  instability  problems. 


NOMENCLATURE 


Symbol 

Term 

Dimension 

A 

Cyiliultr  piston  at  cm 

V 

a 

m 

**17 

In 

FwSljr  upvii  viS  vc  pui  t  mr rm 

r  » 

AJ 

»(x> 

Valve  port  are*  me  *  function  of  X 

V 

B 

Constant 

b 

m 

x. 

C 

Gain  constant 

db 

Decibai 

£ 

Hydraulic  Auid  bulk  modulus 

i'/L • 

e 

L 

F 

Solenoid  force 

F 

Fm 

Maximum  cylii.der  load 

F 

F(a) 

Transform  of  f  (t) 

f 

Damping  'orce  coefficient 

Ft/L 

/(t) 

Function  of  time 

/(X) 

Function  of  X 

G 

Gain  margin 
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NOMENCLATURE 


Symbol 

Term 

Di.,  tension 

Bymbol 

Term 

Dimension 

h 

Valve  lap 

l. 

T. 

Time  of  cylinder  travel  w'th 

» 

i 

Current 

amprrra 

velve  saturated 

X 

( ] )  Slope  yain  constant 

T, 

Total  time  of  cylinder  travel 

t 

(*)  E-X,  E.X.X,K. 

t 

Time 

t 

r 

-  0.001  X 

u 

0.001  » 

J/t 

Ki 

Potentiometer  gain 

V 

— •  X,  (#i  #..)  voltage  differ  nee 

volt* 

X, 

Amplifier  gain 

V. 

Vo'.une  of  fluid  in  one  half  of 

V 

K, 

Solenoid  gain 

cylinder 

X, 

Pilot  valve  gain  c  instant 

v,. 

Total  volume  of  fluid  in  cylinder 

V 

X. 

Valve-cylinder  relay  slope  rain 

X 

Valve  displacement 

L 

constant 

Xm 

Valve  travel  from  aero  to  fully- 

L 

k 

Spring  constant 

y/ l 

oper  pirt  area 

L 

Cylinder  stroke 

L 

x. 

Steady  value  of  X 

L 

C 

Laplace  transform 

X 

SmaM  perturbation  in  X 

Ij 

y 

—  Yc  (e)  |  —  Amplitude  ratio 

Y,(.) 

Closed-loop  transfer  function 

M, 

Maximum  amplitude  ratio  at  u, 

U 

T„(») 

Open-loop  transfer  function 

m 

Maes 

X, 

Cylinder  stifTnesr 

P, 

Differential  preasure  acres* 

f/v 

F/V 

f/v 

f/v 

f/v 

Valve  stiffness 

P.. 

P. 

P..P. 

?r 

cylinder  pit. ton 

Steady  value  of  P, 

Supply  p  return  re 

Cylinder  pressures 

Small  perturbation  in  P, 

rtt) 

t 

•i 

V* 

Dynamic  stiffness 

—  COS  ’  f> 

Input  displacement 

Output  displacement 

F/L 

L 

L 

Q 

Volume  flow  rate 

V/t 

Damping  ratio 

U/V 

Q« 

Disturbed  flow  rate 

V/t 

• 

Density 

Q. 

Flow  rats  at  no  load 

V/t 

r  1 

Time  constant 

t 

Q 

Steady  value  of  Q 

V/t 

ft 

Time  constant  of  pilot  valve 

t 

Q. 

Saturated  valve  flow  rate 

V/t 

11 

=  0.01  » 

1/t 

<J 

Small  perturbation  in  Q 

V/t 

m 

Angular  frequency  (radians/sec) 

J/t 

s 

Laplace  variable 

i/t 

Bandwidt'i  (reolans/eec) 

1/t 

T» 

Build-up  time 

t 

Frequency  limit  for  accurate 

J/t 

T. 

Time  of  cylinder  travel  over- 

t 

response 

stroke  L  with  no-load 

Natural  frequency  (radians/sec) 

J/t 

TUi  section  Is  a  reprint  at  is  Articles  entitled  "Dibmu  Thwaihwir,  the  Article,  reference  to  either  tbs  pressure 
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A  rmcMi  iut  reduoer Is an automatic  tW I  mirtnalml 
device  ler  inducing  tli*  pressure  of  the  working  fluM.  aithar  hy¬ 
draulic  or  pneumatic,  from  *  higher  (aval  to  *  jsmiUi  iml  low* 
lava!  over  i  «u)<  range  of  Row  rtui  end  upstream  faiMWM 
Thia  typo  of  drvlr*  i*  u*ed  in  many  fluid  -control  and  fluid-panw 
systems,  ranging  from  tha  aimpia  domcitk  watar  line  to  tha 
Highly  aophktickied  tervomotor  control  ayatams  in  modern  air- 
era! '  and  miaaiiee. 

Tha  control  praaaur*  ia  uaually  aoooanpllahad  by  a  TinaiM 
element  which  aanaaa  the  change  in  tka  <  gulased  pressure,  and 
automatically  adjusts  tka  flow  r,ifa  ao  aa  nmintaia  tka  daaknd 
pr Maura.  In  ita  simple  form,  a  reduoar  vac#  aantak  a  ah^e 
aaoaing  rlamant  acting  directly  on  a  Aowmaftaring  nh*.  In  tka 
moro  olakaraU  design*,  a  ruduoar  may  tmlala  two  ar  Haw  aau> 
ing  alaanaata  and  metering  vaiwt,  eaacadad  Mto  two  or  tkrao 
atagM,  ao  aa  to  aoki ora  tka  dmlmd  rkarantarlatim  in  prraa»ia 
regulation.  Wbetkar  tka  daaign  ia  aimple  or  complex,  tka  opera¬ 
tion  of  three  reducer*  under  viatic  or  stenjy-atnt*  coodiJoos  k 


flat  titn—lli  g—wa  at »  lanpk  precaore  eag 


fairly  aimple  in  principle.  If  i.iformation  ia  available  an  the  flow- 
rate  and  flow-force  characterietioe  of  the  metering  valve,  the 
analysis  of  tfcr  pcMumW  characteristics  at  the  reducer  under 
ataody-oUte  conditions  ia  straightfo.'ward  ( 1 1  .• 

In  actual  service,  however,  a  -educer  seldom  operate*  under 
purely  eteady-atate  oonditiona.  Alao,  the  vibration*  of  the  mount- 

1  "rhe  work  retorted  in  thia  paper  waa  carried  out  uader  the  woteor- 
»hi|>  of  the  Airborne  Equipment  Diviaioa  of  tka  Bureau  af  Aar* 
nautir*  (now  Bureau  of  Naval  Weapoaa)  Department  of  the  Navy — 
H.  frrcnc*  NAer  01R3A.  NAer  OINM.  NAar  01BSI. 

>  1'iitributed  by  the  Instrument*  and  Regu'atorr  Diviaion  end 
timwnird  at  the  Winter  Annual  Meet uv*.  New  York,  N.  Y., 
November  27-Decemhor  3,  1000.  of  Tmm  Awaaicait  flociarr  or 
Miciunical  Em  jinxes*.  Minuicripi  rtMivtd  *t  AS  ME 
tjUArftru.  August  11,  I  MO.  Paper  No.  dO —  W  A- 1 M. 


•  Number*  in  brarketa  designate  Reference*  at  end  of  paper. 


i.jg  structure  may  induce  unilrai.  able  oaclllationa  in  the  mincer. 
To  obtain  a  complete  picture  of  ita  p.irfurman  ie,  one  niuat  there¬ 
fore  ir>\  eitigatc  tlie  dynamic  obaracteriatioe  uf  the  reduoer  and 
analyee  the  problems  uf  iU  natural  frequency  and  atability.  Thia 
ia  difficult  to  do.  even  in  the  jaac  of  a  aimple  roduoer,  becatiec  of 
the  rather  complex  interaction  between  the  fluid  and  tbe  mechani¬ 
cal  part*.  If  the  fluid  ia  oompreaaiblr,  additional  difficulty  ia 
introduced  Perha|ia  hecauar  of  thcer  diffioultle*  there  i*  very 
iittlc  analytical  work  on  thia  eubject  tn  the  open  liternture.  In 
th»  fen-  tHibiiehed  article*  (aee,  for  v xampLt,  [1,  3|)  the  analyeaa, 
for  the  moat  part,  have  been  bar  I  (capped  by  the  rather  draatic 
simplifying  Munmptiona.  and  the  raauha  have  been  ii, complete, 
eepec laity  in  the  study  of  tbe  variou*  nonlinear  effects  in  the  re¬ 
duoer  ayetem.  In  eo  far  aa  the  author*  arc  aware,  there  hea  been 
no  systematic  study  of  the  reducer-etability  problem  aa  affected 
by  tSe  various  design  and  operating  parameter*.  The  design  and 
manufacture  of  pressure  reducers,  therefore,  have  been  carried 
out  largely  on  a  nal-and-error  basis.  Thia  ia  experdv,  and 
promises  only  unoenaki  reauha. 

I  Ilia  puper  presents  an  analysis  of  tha  dynamic  behavior  of  a 
simple  pneumatic  preesjre  reduoer  with  a  view  to  olarifying  acme 
of  the  problems  brought  out  in  the  foregoh^  diccuasioo.  Both 
the  nonlinear  and  the  linearised  problem*  were  studied.  Rama 
experimental  reauha  ware  aW  obtained  on  a  working  reduoer 
model  to  check  the  validity  of  the  analysis.  The  nonlinear  and 
the  linearised  solution*  vers  compared  ia  detail  aa  aa  tn  brisgt  out 
the  essential  (t* turns  at  the  dynamic  behavior  ia  bedb  cams.  The 
atability  problem  waa  alao  studied  in  tha  linaariaad  oaae,  aad  a  act 
of  .liability  criteria  waa  formulated  in  terms  id  the  design  and 
operating  parameters  of  the  reducer.  These  results  wero  ales 
compared  with  experimental  result* 

In  the  analytical  work,  the  upstream  pressure  was  assumed  tn 
lie  steady,  and  tbe  ngulated  pressure  downstream  of  the  flow- 
metenng  valve  was  assumed  tn  be  uniform  nt  snob  instant  of 
time.  Thus  the  dym  ^iic  effect#  of  the  conduit*  upstream  and 
downstream  of  the  reduoer  were  neglected.  Except  for  then, 
efvta,  an  effort  was  made  to  keep  the  aimplifyin*  aauumption* 
to  l  nilnimum.  For  example,  proper  account  was  taken  of  the 
flow  forms  on  the  .netering  valve.  To  do  this,  it  was  necessary 
to  obtain  first  hand  experimental  measurements,  because  of  the 
lack  oi  information  in  the  literature.  The  result*  of  the  flow-force 
measurement*  on  several  typical  valve*  arc  summarised  in  Ap¬ 
pendix  2. 

Despite  these  efforts,  the  analysis,  uf  oounw,  remain*  limited  by 
the  very  simplicity  of  the  reducer  model.  To  gain  a  more  com¬ 
pile  concept,  stmiler  analyses  should  be  carried  out  to  study  the 
effort*  at  conduit  dyna.mcs  mentioned  earlier,  the  interaction  be¬ 
tween  stag)-*  in  a  multistage  press' -re  reducer,  the  transmission 
and  attestation  of  large-amplitude  pressure  wnvee,  and  ether 
related  problems  Clearly,  the  effective  uee  of  pressure  .edueen, 
and  indeed  of  ail  fluid -control  and  fluid-power  ayetjma,  depends 
on  an  understanding  of  all  these  various  problem*. 

Atftyrit 

The  aralymi*  was  made  for  the  ease  of  a  simple  pressure  re¬ 
ducer  shown  in  Fig.  1 In  steady-state  operation,  the  mass  rate 


•  A  common  configuration  of  the  poppet  valve  la  the  ”  balanced" 
valve  shown  by  the  dashed  outline  hi  Fig.  ! .  T  he  flow  foi-cr  on  Uic 
balanced  valve  is  different  from  that  on  au  unbalanced  valve,  but 
there  ia  no  basic  difference  in  the  metho  '  of  analysis. 
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vliMMlitvfi 


Hmmhinl  Tsnati 

•i.  *>.  •»  “  orifioe  inti,  aq  to.,  Fig.  1 

•  -  Muting  m  of  motoring  'sirs,  #q  to. 
a,  “  piston  am,  eq  to.,  Fig  1 
a,m,ai  ••  r.—V)  vsloc'tiea  corresponding  to  T,  7\,  and  ft,  re 
apatAivsly,  ipa 

.  „  -  vWooua  lamping  oonatnnt,  lbf-aec/in.  (lhv  -  pound 
form) 

c,  m  specific  boat  of  gaa  at  constant  pressure,  Dtu/lbu- 

d«g  X  Gba  “  pound  mass) 

®»  •  apaolfir  boat  of  gaa  at  oopatant  volume,  Btu/lb*- 
«kj  K 

/  —  How  f«or  cn  mstartog  valve,  lb* 

«  "  grarHotknal  eonstaut  oorvemioti  faotoi 
-  MJ  towto/iSs-aae* 

J  *■  waabanloal  -y.Qi  wait  of  boat  —  Tf%  ft-lb»/Ptu 
k  -  apriog  ooartoot,  lbr/to. 

I  —  lift  trf  metering  vain  from  aaat,  to. 
m  -  maaa  0 t  gaa  oontatoad  to  volume  «,  lb* 

*S  "  raa  <4  motoring  valve  aaaombly  (motoring  valve, 
valvo  rod,  piatoo,  and  a>  on),  lb* 

*N>  ■"  naaa  rata  of  flow  of  gaa  through  a,,  «•,  raapao- 

to.  Iba/aae 

***,  tow,  *  ’aontruplc  man  rat*  of  flow  through  ai,  a,  a*,  napao- 
«As  tivelj,  lba/aae 

p,  pi,  “  pressures  rt  lowed  to  in  Fig-  1,  paia 
Pi,  Pt 

P»  ”  t-reoaun-  in  pnoumatic  apring  chamber,  paia 
®  -  gaa  oonrtuiit  -  b3  .3  Ibr-ft/lba-dng  R  for  air 
t  m  time,  eer 

T,  Tx,  -  temperatures  corresponding  to  p,  pk,  p,,  pkl  reaper- 
r»,  T*  tlvoly,  deg  ”,  Fig.  1 

i',  fi  *■  vuium-s,  cu  to.,  Fig  ! 

vk  ■  volume  of  pneumatic  at  r|i^[  chamber,  cu  in. 
g,  g/  ■  poaitiona  of  piaton  to  t<i,  in.,  Fig  1 

Mmmm  Timms 

a*  “  referonoe  area,  aq  in.,  Fig.  1 

flt  -  tefomnoe  oonic  velocity  in  gas  in  «  when  reducer  in  in 
njerttnat  steady-state  operation,  ipo 


td  flow  through  the  mete  ring  valve  is  equal  to  that  through  the 
oumtiroi  valve,  ao  that  p  «■  nonet  —  p*,  and  the  metering-valve 
aaMmUy  la  stationary.  TUW  equilbrium  poaition  ia  maintained 
by  the  balance  of  fo  -us  an  the  metering-valve  assembly .  On 
vo*  side  (the  bottom  aide  to  Fig.  1)  the  pictun  ia  acted  on  by  a 
reierenee-oprtog  f«roe  obtained  from  ocmprwaton  <4  the  apriog. 
On  the  other  aide  the  piston  ia  noted  on  by  preaaure  j*.  The 
metortoc  vnhre  ia  aloe  aotou  on  by  a  flow  force  due  to  the  preaaure 
fsroaa  (aad  viaooua  faroee)  integrated  over  the  face  uf  the  valve. 
There  ehr  may  be  some  frtotkm  forces  between  the  metering- 
vahrs  aaaombly  and  tie  easing.  But  undei  steady-state  or  al«  wly 
varying  oandMaoua,  the  inertia  force  is  either  absent  or  negligible. 

The  regulation  of  the  pn  sac re  to  v  ia  then  efleoted  by  the  feedback 
*4  the  pressure  signs)  from  v  to  e*  to  rmpon*^  to  -rhicb  the  pistoa 
to  «>i  adjusts  the  position  of  the  metering  valve,  an  J  be  roe  the 
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<b  ••  '.ofereuce  diameter,  in.,  Fig  1 
ft  —  How  fores  on  metering  valve  at  aero  lift,  lb,- 
mi-  -  reference  tnaaa  of  gas  in  e  at  pt,  7*.  lb* 

%  *  reference  pressure  in  r  when  H'dlleer  is  in  rrfrrmrr  sleiuli 
stnte  u|ierution,  psin 

J'o  —  reference  tciii|>cruturr  in  *•  e'irn>spnniiing  (o  a«,  deg  U 
i>fi>  —  reference  volume  of  e»,  when  s,  —  0,  cu  in. 
go  “  position  of  piston  during  rrfrrrtm  steady  hi  ate  operation, 
in. 

go  “  g/  +  Vm*„  In.,  Fig.  1 

u%  —  reference  value  of  oi,  radians// 

A i,  At,  Ai  -  a, /a,,  c,/ao,  #i/a»,  respectively 

Q.,  Oi,  OU  ■»  a/n«,  «i/Vi»,  a»/«»,  r.spiTtively 
f’i,  f  f|  •  diaelmrge  co«flieiciip.  of  a,,  a,,  renp  r- 
tively;  (',  -  mid  so  on 

P,  -  /o/ao(pi  -  pi  -  */a„,  ,\|ip"iidi\  'j 
f\  ~  ///o,  Ap|x>ndi\  J 

I*  -  f/rfo  -  (:,•,/  /oKI' 1  i 

F,  Pi,  Pi,  Pi  -  p/Po,  Pi/po,  f's/p,,  Pi/p,,,  respeet'veh 
ffi,  /?o„  Jf«„  Hi  ™  p/Pi,  Pi  ')),  p/p,.  p./p.  respet'tiveh 
i'  -  e/ifo 
If  ■  I't/l'to 

1  >  1  fi  1  *«1.  1  n  “  v/y„  V/l v„  giM« /yr.  U«  reHpeelively 
/  -  dimensionless  time  —  a*tl/r 
y  -  ratio  of  spe<  ifie  bents  -  rt,^\  •»  I  t  ti,r  mr 
f  “  damping  coellieieiit 

-  rrffp'/m(n*a, 

fi.  f,  “  damping  ratios  of  pressure  redurer  in  lin<»  r- 
intl  solution  (assis'iateil  with  natural  fre- 
qu  Mieies  u)„  and  ui„j,  ri-speetively  I 
ij  —  force  eiM'flieient  for  a(, 

f  —  foree  oiH’dieienl  for  a. 

”  (g/WiiOO'/mso 

ui  -  natural  trequenev  (radians  / 1  of  npriug- 
mass  system  in  redueer 

-  (fcp/m^'/’Cr/asaot 

u)N*  —  natural  frtspieneies  (radians// >  of  pressure 
reducer  in  linearinsi  solution  (sasooiated 
with  damping  ratios  f,  and  f,,  reMpre- 
tiveiy  i 

tiiUM  ru.e  of  How,  so  that  p  ir  held  nearly  constant.  The  regulat¬ 
ing  quality  of  a  reducer  nmy  lie  expressed  in  terms  of  the  change  in 
p  in  the  '•ange  of  flow  rates  and  ii|>stream  pressures  the  reducer  is 
designed  to  handle.  For  perfect  rngulation,  the  rhiuige  in  p 
would  have  to  be  aero.  This  is  difficult  to  achieve  in  th"  simple 
reducer  under  study.  But  there  is  no  problem  of  stability  under 
the  ateady-state  condition,  tiecauBC  the  feedback  arrangement 
always  produces  a  restoring  force  to  balauoe  the  change  of  foroea 
caused  by  a  disturbance  in  the  flow  To  satisfy  the  steady-state 
condition  (no  inertia  force),  the  disturbance,  of  course,  either 
must  be  very  small  or  muat  occur  very  slowly. 

In  unsteady  or  dynamic  operation,  the  inertia  foree  may  be¬ 
come  quits  large.  Also  pt  may  differ  appreciably  from  p,  and 
both  may  differ  appreciably  from  the  reference  steady-state 
operating  pressure  pt.  Under  these  conditions,  self -sustained 
oscillations  may  be  induced  in  the  reducer,  ao  that  ita  function  aa 
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•  pressure  regulator  in  impaired.  In  more  serious  cun,  such  fit- 
(■illation*  may  oven  damage  tomr  mechanical  parts,  or  materially 
•hortcn  the  service  life  of  the  reducer.  It  is  therefore  of  In  tacit 
to  atudy  in  some  detail  the  interact  inn*  between  the  fluid  and  (hi 
mechanical  part*,  in  order  to  (tain  an  understanding  of  tha  condi¬ 
tion*  under  which  the  operation  of  the  pleasure  reducer  ia  dy¬ 
namically  *  table. 

W>e  •evening  IgnHtnas.  Thia  nection  givee  a  brief  diacuaaion  of 
the  governing  equation*  used  in  the  preeent  aneiyai*.  The  baste 
aiuinptiona  and  the  derivation  of  three  equations  are  given  in 
Appendix  1 . 

The  dynamical  equation  was  obtained  by  equating  to  sero  tha 
algebraic  rum  of  the  inc'tia,  damping,  apring,  preaaure,  and  flow 
force*),  acting  on  the  piston  and  metering  valve.  In  nondimen- 
xiimol  form,  this  equation  i« 

D'Y  +  +  te'i’  -  r)P,  -  iFf,(Pt  -  P)  -  0.  (I) 

Here  D  ■»  d/tiZ,  and  IP  ■  dt/dZ *.  Y  ia  the  piaton  pooition,  and 
P t,  Pi,  P  arc  presmire*.4  The  coefficients  f,  w*,  %  and  (  are 
mainly  design  parameter*  and  remain  conatant  for  a  given  re- 
du<  cr.  F,  i*  a  function  whi.  h  deecribe*  the  variation  of  the  flow 
force  with  the  pressure  difference  (Pi  —  P) ;  Ft  U  a  function  which 
describe*  the  variation  of  the  flow  force  with  the  valve  position  Y. 
These  functions  were  determined  experimentally  aa  diaeiuaed  in 
Appendix  2. 

The  g»*  presstirt  *  P,  P,  and  sonic  velocities  <J,  Cl,  were  obtained 
by  considering  the  perfect  gas,  continuity  and  energy  relationship* 
for  the  gas  in  volumes  lr  and  VY  Appendix  1  shows  that  there 
were  two  caws  to  lie  considered: 

CV “  I.  I  tow  through  .-(,  was  from  V'  to  V,: 

f  np  -  jpDa/a  -  «»[(c,-4,p,^./a,) 

|  -  (CtAfPifiu/a.)  ~  (c,A>p«>,/a))  (?) 

I  O’  +  YpOP,  +  yP.UY  -  yVCiA'OP^,  (3) 

DP  -  7[r,A,e,P,y>,  -  CtAtdP<fu  -  CidiOrV*]  (*. 

2(Y  +  Y.)DQ,.'0.  -  (Vr,A,aPw,./P,)lT  -  «*./«)'] 

-  or  -  1) DY.  (5) 

Case  II.  Flow  through  .1,  was  from  ’Y  to  (  : 

DP  -  iPDa/Q  -  Cl‘l(C, A, P, *,/«,) 

+  (Crf.PeCCa.)  -  (CiArfW«)|  («) 

(i  -  Y,)DPt  +  yPxOY  -  -yVCtAifitPtfiu  (7) 

®P  "*  >|CiAiflrP i ipi  +  CidiflifVu  —  CtAtQP^,]  (8) 

p,  -  -  »\  (») 

In  each  case  the  first  equation  is  the  continuity  equation  for  the 
gas  in  K,  the  second  is  the  energy  equation  applied  to  the  gas  in 
V’,,  and  th.  third  is  the  energy  equation  applied  to  the  gas  in  V. 
The  fourth  equation  expresses  the  relationship  between  fl,  and  P, 
(and  other  quantities)  for  determining  the  s'  ite  of  the  gaa  in  V,. 


•  Y,  Ft.  and  so  on,  are  dimensionless  ratios  (see  Nomenclature). 
However,  the  terms  ''dimensionless”  and/or  "ratio”  are  omitted 
here  for  brevity.  This  rule  wi)l  be  spoiled  to  all  other  oimensioiilee* 
terms  in  t!.e  text. 


Tha  equations  for  thee-  two  cases,  together  with  equation  (1), 
make  up  two  arts  of  five  simultaneous  equations,  v  ith  the  inde¬ 
pendent  variable  g  and  the  dependent  variables  P,  A,  P»,  CL,  and 
Y.  Giver,  tulUbl*  initial  and  boundary  conditions,  these  equa¬ 
tion*  may  be  aolvud  aimultanecus’y  for  tha  five  dependent  varia¬ 
bles  |4). 

The  following  functions  wore  aaeumed: 

At  -  -  A,'(Y«,  -  Y),  A\‘  -  4Ai/AY; 
f,  «  p(A»),  where  n  -  1,  3*,  !•',  3; 
and 

p(J»J  -  |2(J?.4^  -  *.G+»/tV(7  _  l)] Vs 

for  0.M*  5  A*  ^  1, 

and 

v(ftj  -  0.570  for  A.  <  0.508. 

Fj  and  F,  were  taken  from  experimental  values  (Appendix  1). 
For  simplicity,  Pi,  Pi,  At'  and  the  discharge  coefficients  C.,  C%,  and 
Ci  were  aaeumed  to  remain  constant.  Specifically,  C,  was  as¬ 
sumed  to  remain  the  aame  for  flow  in  eithe.  direction  through 
At. 

The  boundary  conditions  for  this  problem  were  taken  to  be  the 
following:  Whan  P*  <  P,  the  equations  for  Case  I  were  iued. 
When  P  <  Pi,  the  equations  far  Case  II  war*  used.  Also,  when 

Y  «•  tha  valve  waa  closed,  and  the  metering-valve  as¬ 

sembly  was  constrained  from  further  dosing.  Theteiore,  Y  > 

Y  _ ,  and  at  Y  “  DY  waa  assumed  to  be  aero  (no  rebound). 

Finally,  since  the  equations  for  reverse  flow  through  Ax  and  Ai 
were  not  formulated,  P  could  not  be  allowed  to  be  greater  than  I , 
c.  smaller  than  P*.  These  last  conditions  were  rot  too  restric¬ 
tive  end  could  bo  tatVHod  in  most  cases  at  interest 

Msler  a*  Musa.  The  two  seta  of  equations  diacuied  in  the 
fortgr'ng  isetior  are  nonlinear,  and  do  not  admit  at  a  general 
solution.  In  order  to  gain  some  understanding  ol  the  dynamical 
behavior  ol  the  redueer,  these  equations  ware  therefore  solved  by 
an  approximate  numerical  method,  and  several  solutions  were 
obtained  with  th  -  aid  of  a  digit  t  computer.  In  the  numerical 
integration,  the  itun^a-Kutta  r  jrrenee  formula  [5]  waa  used 
to  evaluate  the  increments  AP,  J>(1,  and  so  on,  for  each  step  at 
A Z.  The  optimum  step  siae  was  not  investigated.  However,  an 
effort  was  made  to  keep  the  step  si  sc  small  so  aa  to  limit  the 
truncation  error,  but  not  so  small  as  to  lengthen  the  computing 
time  too  mueh.  in  one  problem  it  waa  found  that  an  increase  in 
AZ  by  a  factor  at  10  changed  the  frequency  of  oerillation  at  P,  P,, 
acd  Y  by  approximately  5  per  cert  and  the  amplitude  of  oscilla¬ 
tion  by  about  2  or  3  per  cent.  These  changes  were  iwosklcrod  not 
too  serous,  and  the  larger  A Z  was  taken.  In  other  problems,  this 
example  was  used  as  a  guide  to  the  comet  choice  of  stop  sise. 

UsosWseMew  ef  OnvenMag  ■qeeNom.  Because  of  the  lack  of  a 
general  solution  to  the  nonlinear  governing  equations,  it  was  not 
possible  to  formulate  »  general  art  of  stability  criteria  for  this 
problem.  In  order  to  progress  further,  it  waa  necessary  to  limit 
the  original  objective,  arc  to  res  trie*  attention  to  the  linearised 
equations.  Unfortunately,  as  later  discussion  shows,  even  with 
(he  linearised  equations,  it  was  difficult  to  etl^blish  quantitative 
stability  criteria  because  of  the  large  lumber  of  design  and 
operating  parameters  involved.  Nevertheless,  the  linearised 
problem  served  to  provide  <\ialita*ive  information  on  the  eAect 
of  the  various  parameters  and,  in  so  doing,  ied  to  a  bettor  under- 
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standing  of  thn  nonlinear  stability  problem  u  well. 

In  the  linearised  problem,  tit  end  tits  were  assumed  to  remain 
oonetant  (and  equal  to  <*»).  Thie  oould  be  iuetified  by  tae  numeri- 
eal  eolutiona  to  the  nonlinear  equation  obtained  for  a  few  eaaea, 
wherein  it  waa  found  that  the  changes  in  <*  and  tit«  were  email  com¬ 
pared  to  thoee  in  P  and  Pi,  respectively,  if  P  and  Pi  did  not  them- 
aelves  vary  too  much  from  the  reference  steady-state  value  of 
unity.  With  the  variablea  tit  and  tit*  removed,  only  three  equa¬ 
tions  were  now  needed  for  the  three  remaining  variables  P,  P%, 
and  Y.  Equations  (2),  (6),  (6),  and  (0),  were  therefore  abandoned. 
Actually,  with  dtit  ~  0,  the  continuity  equations  (2)  and  (0)  be¬ 
came  quite  flrmicr  to  the  two  energy  equations  (4)  and  (8).  The 
former  were  discarded  in  preference  to  the  latter  became  it  waa 
thought  that  the  continuity  equations  were  leas  stringent,  inas¬ 
much  as  the  derivation  of  the  energy  equations  actually  involved 
a  consideration  of  mass  continuity. 

To  simplify  the  remaining  equations  further,  it  waa  assumed 
that  P  »  Pi,  and  that 

Pl-r(P  -  Pt)/P  m  ,(P  -  PB)/P„ 

where  » is  a  proportionality  factor.  When  Pi  <  P,  eh  **  pu  >  0, 
and  when  Pi  >  P,  Vi  "•  Pu  <  0.  So  both  pu  and  pu  oould  be 
represented  by  a  single  pi,  end  the  two  sets  of  equations  (1),  (3), 
(4)  and  (1),  (7),  (8)  were  reduced  to  one  set: 

D'Y  +  [DY  +  «*Y  -  qPi  -  SFJP'iPi  -  P)  *  0  (10) 

DP  -  yaiCtAiPiPi  -  C,A,r(P  -  P,)  -  CiAiPe*]  (IS) 

(Y  +  Yf)DPi  -  7lYC,At<**(P  -  P.)  -•  PiDY'„  (12) 

Tho  use  of  the  approximate  pi  undoubted'y  involves  uo.ee  error, 
especially  if  the  value  chosen  for  r  should  be  inaccurate.  (The 
elopes  of  Vb  and  pu  approach  infinity  as  Ru  and  Ru  approach 
unity.)  However,  p  always  could  be  combined  with  the  quantity 
C,.4i,  ao  that  its  effect  would  be  the  ume  as  that  of  CtA.. 

To  linearise  equations  (10),  (l')t  and  (12)  let 

(  Y  -  Yt  +  r 
P  -  1+  P' 

Pi  -  1  +  Pi', 

and 

F'<  Yt 
P'  <C  1 

D  t  ^  % 

A  t  ^  i. 

Also 

Pf,Pi,  P*  -  const; 

P,  -  1  -  P/(Y«.  -  Yt  -  Y\  F,‘  -  iFJdY  -  const; 

A-  -  -A,'(r«,  -  Yt  -  n. 

Substituting  all  these  conditions  into  equations  (10),  (11),  and 
(12),  and  neglecting  hiphe-  -order  terms,  one  obtains,  after  some 
manipulation,  the  Unearned  equations  as  follows: 

IZ>«  +  fi>  +  («*  -  K,)]V"  +  KtP'  -  qP.' 

-  K,  +  n  -  w*y,  (13) 

KiY'  +  (D  +  Kt  +  Ki)P'  -  KJ>,'  -  Kt  -  Kt  (14) 
KtDY'  -  K.P'  +  (O  +  K,)Pi>  -  0,  (15) 
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with 

if,  -  fP,(P,  -  D-V 

Kt  -  (r,[ i  -  p, -  y.)i 

K»  -  (P,  - 

Kt  -  -ytit PppiCiAS 

Kt  "  7OC1A1V 

Kt  "  y>lCtA$pi 

Ki  -  KtCY^,  -  Yt) 

K,  -  7 /{Yt  I-  Y/) 

K.  -  VKiKt/y. 

Kehlllty  a?  Hie  UaeaHssd  IqeaMsai.  From  conations  (13),  (14), 
and  (15),  the  characteristic  equation  was  obtained  next  by  setting 
the  determinant  formed  by  the  coefficients  of  I”,  P',  and  Pi 
equal  to  sera,  in  the  conventional  manner  |4] : 

JD*  f  fD  4- -  K.)  K,  -i)  | 

tfi  D  +  Kt  +  K,  -Kt  -  0. 

1  KJ>  ~Ki  D  +  Kt  I 

Therefore  the  characteristic  equation  is 

X*  +  ntiX*  +  aiX*  r  ®|X  +  ®i  "  0,  (16) 

with 

<*i  “  f  +  Kt  +  Kt  +  Kt 

at  -  «»  —  Ki  +  f(IC,  +  K,+  K,)  +  KJCi  +  r,K» 

at  -  («*  -  P,)VX»  +  K,  +  Ki) 

iKiK,  -  KiKtK,  +  vKt(Kt  +  Kt)  -  KJCt 
«.-(«*-  K.)KtK,  +  KtK.(i,  -  Ki) 

The  stabiUty  problem  associated  with  the  quartic  equation  ^16) 
was  studied  by  Routh  [7]  and  also  independently  by  Hurwits  [8]. 
To  insure  stability,  the  real  parte  of  all  the  roots  of  equation  (16) 
must  oe  negative,  and  to  satisfy  this  condition,  the  Wowing  cri¬ 
teria,  known  aa  the  Routh-Hurwits  criteria,  must  be  satisfied 

I6J: 

1  The  coefficient  a’e  must  all  be  positive, 

2  ariorta,  >  atdp  +  oti*, 

3  ai*  >  4a#. 

The  problem  of  stability  of  the  pressure  reducer  is  therefore  one 
of  obtaining  the  values  of  the  XT’s  and  a’s  from  the  design  and 
operating  conditions,  and  then  testing  the  a’a  according  to  the 
stability  criteria. 

In  a  few  simpler  cases,  the  qualitative  effect  of  a  parameter  on 
ctabiUty  is  evident  by  inspection.  For  example,  an  increase  in 
(the  natural  frequency  of  the  spring-mass  system  in  the  reducer) 
makes  a*  a,,  and  a#  more  positive,  and  hence  the  system  would 
be  more  stable,  according  to  tbe  first  criterion.  In  contrast,  an 
in'-  ease  in  Kt  (by  ii  creating  Pi,  say)  would  have  the  opposite 
effect.  Also,  an  increase  in  f  (damping  coefficient)  would  not 
affect  a#,  but  would  tend  to  make  a>,  atl  and  ai  more  poaitive  and 
the  product  a#atai  larger,  and  hence  the  system  would  lie  more 
stable  according  to  all  three  criteria.  These  deductions  are  in 
general  agreement  with  experience. 

To  obtain  quantitative  information  on  a  pr-ticular  parameter, 
equation  (16)  would  have  to  be  solved  with  the  parameter  in 
question  varied  systematically  over  the  range  of  interest.  A  few 
parameters  were  studied  in  this  manner.  However,  it  was  not 
possible  to  study  all  the  parameters  in  their  various  combina- 
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Uooa,  because  of  the  Urge  number  involved.  The  solutkm  to 
equation  (10)  me  obtained  by  the  conventional  method  of  algebra 
(Gj.  The  computation  waa  again  performed  with  the  aid  of  a 
digital  computer.  The  raeults  were  obtained  in  terma  of  the 
damping  ratio*  ft  and  and  frequi  icy  ration  and  «WU' 
Three  ration  are  more  descriptive  of  the  dynamic  behavior  than 
the  four  quartie  root*  Xt,  X*,  Xt,  and  X«  of  equation  (16).  They  are 
related  to  the  Utter  through  tho  following  equation*: 

X|  •  —  If**.,  —  Mai(fl(  “  l)*'"! 

X,  “  -IfKO-  +  Wo(f.'  -  l)v,l 
X,  —  —  -  1)''*| 

Xr  "  +  fc'aiffr1  —  1  - 

Thu*,  ‘f  |fi|  <1  and  |f«|  <  1,  the  four  X'a  form  two  pain  of  com¬ 
plex-conjugate  root*,  and  ud  and  w*  are  the  he?  natural  (:> 
que-nciea  of  the  reducer  lyatem,  and  {\  and  f»  arc  the  damping 
ratios  aaocUted,  respectively,  with  the  two  oeciUatory  com¬ 
ponent*.  If  |fi|  <  1,  and  |f«|  £  i,  only  the  flret  component  ia 
oeciUatory  with  a  natural  frequency  of  w^,  and  o><«  ha*  no 
physic  5  meaning.  If  both  |f,[  2:  1  end  |ft|  >  1,  there  ia  no 
oacilUtory  component;  both  and Waihavr  no  pnysieal  meaning. 
The  system  U  stable  (to  a  email  disturbance)  if  both  f  i  and  ft  are 
positive,  and  unstable  if  cither  one  'or  both)  becomes  negative. 
On  the  boundary  of  stability,  either  fj  or  f,  ia  aero  while  the  other 
remains  ,  oeitive,  or  both  fi  and  ft  are  aero. 

ExpiriMat 

Some  experimental  work  wee  carried  out  on  n  working  model  of 
u  simple  pressure  reducer  to  check  the  validity  of  the  governing 
equstio.is  and  the  method  of  solution.  The  model  sms  similar  to 
that  shown  in  t  g.  1.  The  phyefeal  dimenrione  are  given  in  the 
caption  of  Fig.  2.  The  metering  valve  was  a  4S-dag  poppet 
valve.  In  the  model,  the  control  valve  was  replaced  by  a  simple 
orifice  to  facilitate  sudden  opening  and  cloelng  of  a«.  The 
mechanical  spring  was  replaced  by  a  pneumatic  spring.  This  waa 
accomplished  by  chargiug  the  spring  chamber  to  a  pressure  p* 
The  spring  constant  was  determined  from  the  simple  ben  tropic 
relat  ionship  for  the  gas  in  the  spring  chamber: 

there  v,  wes  the  volume  of  the  spring  chamber.  For  email  piaton 
displacements,  p»  and  •>  were  approximately  constant,  and  the 
pneumatic  spring  therefore  wr -  approximately  linear.  In 
operation  p»  was  taker  aa  the  pressure  ia  the  spring  chamber 
when  the  reducer  waa  in  oteady-etate  operation.  Thin  pressure 
was  measured  by  means  of  a  bourdon-type  pressure  gage  to  an 
acc  uracy  of  about  1  pel. 

The  upstream  eectiou  of  the  model  wee  supplied  with  com¬ 
pressed  air  at  pressure  plt  maintained  at  the  desired  level  by  the 
use  of  an  auxiliary  preea-.ro  reducer  connected  to  a  high-pressure 
(3000-psi)  source.  Fluctuations  in  *\  were  minimised  by  the 
use  of  a  Urge  (3-cu  ft)  surge  tank  between  the  auxiliary  reducer 
and  the  upstream  section  of  the  mode!.  Pressure  pi  waa  measured 
by  means  of  a  calibrated  bourdon  gage.  The  accuracy  of  the 
measurement  was  1  pei.  The  regulated  downstream  pressure  p 
was  measured  by  means  of  a  calibrated  strain -gage-type  pressure 
transducer.  Since  the  volume  a  was  small  (2.88  cu  in.)  and  com¬ 
pact,  p  waa  nearly  uniform  throughout  a  at  any  instant  of  time. 
The  valve  lit  l  was  measured  by  means  of  a  calibrated  linear  dif¬ 


ferential  transformer  driven  at  a  frequency  of  1000  ops.  The 
voltage  outputs  from  tbs  pressure  transducer  and  the  linear  dif¬ 
ferential  transformer  were  displayed  on  a  dual-beam  cathode- ray 
oecllkwocpe.  Tha  accuracy  of  tha  p  and  (  measurement*  waa 
within  3  pal  and  0.002  In.,  respectively. 

In  operation,  the  auxiliary  reducer  waa  adjusted  to  give  the  de¬ 
sired  level  of  pi.  Ihe  pressure  p*  was  then  adjusted  to  give  the 
desired  downstream  pressure  p  under  steady -state  conditions. 
The  disturbance  wee  introduced  by  first  closing  the  orifice  a«  and 
then  suddenly  opening  it.  The  subsequent  oscillation  of  p  aad  1 
was  photographed  from  the  oscilloscope  screen. 

Rnafts 

WeeMeaer  tiWIus  aad  Caaipertaaa  WNfc  ■apwtmaak  Fig.  2  shows 

the  steady-state  oscillations  of  the  measured  aad  tha  ooaa- 
puted  pressure  P  and  valve  lift  L  versus  time  Z  obtained  under 
the  conditions  given  to  the  figure.  The  design  parameters  owe 
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fixed  by  the  physical  dimenskma  of  the  model.  The  operating 
conditions  were  chosen  mainly  for  oonvenfenoe  but  otherwise  the 
choice  was  arbitrary.  The  computed  curves  of  F»  are  also  shown. 
The  results  were  obtained  by  disturbing  the  reducer  by  a  sudden 
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opening  of  A*  la  the  eomputod  um,  the  steady- state  ooivtlm 
ww  ibUlaod  In  two  or  to»  eyries  of  oseiDarions  after  the  hW»l 
iktobuei.  Tor  eomparuon,  the  M-tak  of  tho  computed 
omit  woo  shifted  oo  that  tho  initial  valve  Uft  woo  tho  mom  or  in 
tho  experiment.  Tho  value  at  Z  hi  thio  point  wm  arbitrarily 
tokens*  sero. 

Tb«  oondhione  tor  tho  oomputed  oohittoao  listed  in  tho  caption 
did  not  agree  exactly  with  tho  rondHkw  of  tho  experiment.  Tho 
non  questionable  oocdhtoor  used  for  eompu  tattoo  wort  tho  (si- 
lowing.  Ct  woo  aooumod  constant  ond  aqua!  to  0.9,  although  ox* 
porfanont  showed  thnt  M  varied  with  tho  Oft  nod  tho  prawn  ratio 
ooroa  tho  vahro  (aoo  Tig.  7(of),  Appendix  3).  Ct  and  C*  wera  also 
aowmod  oqual  toQ.9fo»  thowhnof  rimpddty-  Tho  Motion  at  tho 
0-ring  tool  woo  difficult  to  ootimato  and  woo  arbitrarily  cowmod 
to  remain  nonet  ant  and  to  bo  vkeoua  b  native.  Um  raluo  of  * 
woo  taken  oo  03.  The  flow  form  and  tho  pnown  forr'  (duo  to 
Pi)  noting  on  tho  tastarinp-vah*  anomhjy  won  ooaowhat  in 
ortor  booaiuo  tho  pressure  form  acting  on  tho  areas  motional  arm 
of  tho  valve  iod  wao  neglected.  Same  error  wao  also  Involved 
in  tho  amimptton  of  a  Unoar  pooumatie  opring.  Finally,  the  oo* 
efficient  of  rutitutioo  botwmn  tho  valve  and  tho  Mat  wao  ao¬ 
oumod  to  hj  aero  (no  rebound),  and  hence  tho  offoete  of  tho  in¬ 
bound  on  P  and  Pt  won  not  present  in  tho  computation.  In  the 
experiment,  tho  dotaila  of  tho  nboowd  won  oboeund  by  a  high 
frequency  chatter  in  tho  oacilkigraph  record  of  the  L-curro.  For 
thia  imoon,  only  tho  duration  of  tho  rebound  wao  indicated. 
Hoe-crer,  the  email  fluctuation!  in  the  P-curve,  earned  by  the  re¬ 
bound,  were  clearly  risible 

Boeauoe  of  then  aoaumod  condition*,  the  noulto  should  be  com¬ 
pared  only  in  a  qualitative  way.  Am  Fig.  3  ahowr,  the  qualitative 
agreement  waa  satisfactory.  The  general  ahape  of  the  P  and  L~ 
curve*  waa  the  aame.  In  fact,  the  oomputed  period  at  P  and  L 
and  tti  maximum  amplifide  of  P  ac read  quantitatively  with  the 
meaoured  values.  Moreovw,  when  P,  waa  changed  from  3.0  to 
1. 5,  them  points  of  agreement  remained  satisfactory.  Finally,  the 
analytical  ei  lotions  were  atm  correct  in  showing  the  sell -sustained 
oeeiUettone  observed  in  the  experiment.  Them  results,  therefore, 
show  that  the  aeeumprions,  the  governing  equations,  and  the 
mfethod  at  solution  were  reoaonablty  valid. 

Uemrimd  tilHous.  The  nonlinear  sotutioaa  discussed  in  the 
foregoing  section  reveal  many  details  o i  the  dynamic  behirior  of 
the  reducer.  However,  them  solution*  are  cumbersome,  and  they 
give  very  little  information  on  the  degree  of  stability.  Moreover, 
since  ihrre  is  no  general  solution  U>  the  nonlinear  problem,  it  is 
difficult  to  evaluate  the  eftdof  a  change  in  a  design  or  opmating 
parameter  on  stability.  It  is  therefore  of  interest  to  study  the 
ttneariaed  problem  outlined  in  the  ‘'Analysis,”  in  order  to  gain 
Lome  qualitative  understanding  of  the  stability  problem. 

Fig.  3  shows  a  series  of  solutions  to  the  linearised  characteristic 
eqt  Ation  (18)  with  the  parametria  A-  and  (»/«*)'  varied  and  with 
the  other  parameters  held  const*  it  at  t’.  s  values  given  in  the  cap¬ 
tion.  The  selection  of  A;  and  («*/  *)*  a*  the  variable  parameters 
a  a  again  arbitrary,  usd  waa  intended  am  a  further  illustration  uf 
the  affects  of  them  parameters  on  the  stability  problem.  The  re¬ 
sults  show  the  effect  of  At  and  (w/ws)'  on  the  damping  ratios  (the 
c.-dinate)  and  the  frequency  ratios  (the  abedma)  of  tho  reducer. 
Along  each  dashed  curve.  At  is  constant,  and  (<*/«*)*  is  vari¬ 
able.  AJo.g  each  solid  curve,  (<*/«*)*  is  couuteat,  and  Aa  ia 
variable.  The  solution  for  each  pair  of  vriuee  of  X»  and  («*/«*)'> 
therefore,  ia  shown  as  a  pair  at  points,  representing  the  two  com¬ 
ponents  of  the  arhition,  with  eo-ocdinitos  (ft,  Ss/u)  and  (jt, 
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u^/m),  as  dsooribed  ia  the  Analytic.  Solutions  ia  the  unshaded 
areas  have  two  oscillatory  components.  Solutions  in  the  shaded 
arena  have  one  oscillatory  component  and  one  noaceciliatory 

In  the  figure,  A,  wo#  varied  from  the  very  mall  value  of  0.001  to 
a  value  of  3.0  (e^ual  to  *,/3).  Further  iacreaaa  i?  At  resulted  *n 
very  little  change  in  the  oomputed  «*m»pfa»g  and  frequency  ratios, 
shov  ing  that  at  this  value,  4t  offered  very  ttttle  rasletancs  to  flow 
lx  ,we-n  V  avd  K,.  («/w»)'wm  varied  over  a  emaller  range,  but  it 
can  be  shown  ’.hat,  if  w  approached  infinity,  one  oomponent  would 
approach  f»  —  0,  «^/«  -  1,  and  the  other  oomponent  would  ap¬ 
proach  the  line  w«t/w  w  0,  f,  being  indeterminate. 

The  heavy  daahed  curves,  At  -  0.0498,  and  the  hmvy  solid 
cu.ves  (cl/w»)*  —  1.S66  are  at  some  special  interest  because  at 
their  Intersection  (point  X),  fi  -  ft  and  c'a  -  (ton  These  curves 
and  the  curves  fur  the  extreme  values  of  At  and  (w/wi)*  ore  help¬ 
ful  in  that  they  outline  regioM  in  each  of  whVsh  the  trend  of  varia¬ 
tion  of  the  intermediate  curves  may  he  readily  traced. 

Note  that,  In  three  different  regions,  A,  and  (»/<*)'  affected 
(fi,  (*m)  and  (f-,  Um)  '  -  different  ways.  It  may  be  expected  that 
this  also  would  he  the  case  with  the  other  design  and  operating 
parameters,  inasmuch  aa  the  coefficients  at,  at,  Oi,  and  «*»  eon- 
tain  all  the  parameters  in  different  combinations,  equation  (18). 
For  example,  Fig  3  shows  that  tho  computed  solutions  were 
stable  for  many  combinations  of  A«  and  («/<*)•  even  though  the 
dangling  coefficient  f  waa  assumed  to  be  aero.  When  f  ♦  In¬ 
creased  (solutions  not  shown  hen)  it  wae  found  that  the  enrvea 
of  oonetant  At  and  (u/wt)*  became  "distorted”  from  them  whiah 
appear  in  Fig  3:  The  point  X  now  moved  up  vertically,  showing 
an  increase  in  fi  and  without  affecting  um  and  to;  but  the 
curvea  fe-  small  At  or  large  (w/wt)*  vere  on.  vwy  much  affected, 
thowin  that,  in  these  regions,  f  was  do*  very  effective  in  changing 
the  damping  of  the  reducer  system.  Thus  it  ia  not  easy  to 
classify  the  design  and  operating  parameters  according  to  their 
effect  on  the  fa  and  To  get  a  complete  picture  of  the  dy¬ 

namic  behavior  at  the  reducer,  one  must  therefor*  study  the  ef¬ 
fects  of  all  the  parametria  In  all  combiimtione  over  a  wide  range. 

fi  i  pai tnn  -*  - “■ - •— 1 1  —  Fig.  4  shows  a 

representative  series  at  nonlinear  solutions  obtained  with  Pi 
varied  from  4.0  to  1.06,  and  with  the  other  condition*  held  con¬ 
stant  at  the  values  listed  in  the  caption.  These  solutions  also 
turned  out  to  be  unstable,  and  the  figure  shows  the  self-sustained 
oscillations  in  P,  P>.  and  L  under  steady-state  or  near  steady-state 
conditions.  The  time  Kale  waa  shifted,  a a  in  Fig.  2,  so  that  the 
comparison  of  the  solutions  may  be  made  more  readily. 

The  oscillations  in  P,  Pi,  and  L  were  the  smallest  in  the  case 
of  P\  m  1.06.  Also,  in  this  rose,  the  lift  curve  show*  that  the 
l  taring  valve  bandy  touched  the  valve  seat  with  each  cycle  of 
oecillatiop,  so  that  the  nonlinearity  introduced  by  the  valve 
hitting  a  stiff  valve  seat  waa  almost  absent.  Since  thee*  condi¬ 
tions  agreed  well  with  the  assumptions  in  the  linearised  problem, 
the  linearised  results  for  A  ■  1.01  may  be  expected  to  agiee  with 
the  nonlinear  rear  Hr. 

Table  1  shows  that  this  wae  indeed  the  ease.  This  table  lists 
first  the  damping  ratio  ft  and  the  natural  period,  3 r/to,  at  the 
nestable  component  of  the  Unearised  solution.  For  the  nonlinear 
aohi’ons,  Fig.  4,  Table  1  lists  two  periods;  (he  over-all  period  of 
the  eyche  phenomena  in  P,  P%  and  L,  and  the  period  at  the  motor¬ 
ing  valve  during  the  “free’’  part  of  its  travel.  Thie  latter  period 
waa  taken  as  the  time  duration  in  which  the  vahr*  wae  lifted 
from  the  vahr*  east.  In  thie  period,  the  valve  morion  (and  P,  Ft, 
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and  so  on)  waa  (ttnad  by  tho  complain  cat  of  aquatic na  (I) 
through  (0),  with  tha  iMmOjI  nonBnew  iff  acta.  In  a  vary  ap- 
pesufa— to  way,  tMa  period  may  1*  oonobterod  aa  imnsporabla  to 
tta  animal  prated  to  1— ariasd  tahalaHw.  Whs*  the  solu¬ 
tion  waa  newly  bear  (Pi  -  IJM),  the  oc«mI  parted  waa  the 
auaa  aa  tho  parted  of  the  motoring  vain  te  free  ooifflotioa,  and 
Table  1  tbowa  that  both  warn  vary  ahno  la  Iba  antural  parted 
of  Iba  ttnwrteed  eolation.  Far  tbia  ease,  Fig.  4  shows  that  the 
nonlinaw  offset  waa  to  dirtort  Iba  erave  form  of  the  f,  Pi,  and 


L- curves  which  olbomlao  would  have  bean  sinusoidal  in  Iba 
Unaarlaod  ease. 

With  inrraaaiag  P%,  tba  nonlinaw  ooiulteoa  haoama  morn  u»- 
•table  In  Iba  aaaae  that  iba  ampUtudaa  of  P,  P%,  and  L  booama 
larger,  and  that  Iba  average  nLdtjr  of  tba  valve  In  tie  tree  travel 
vne  higher.  Tbla  waa  in  qualitative  agreement  with  tba  linear* 
laed  aoluiloaa  in  Table  1,  which  aboare  that  fi  became  more  nega¬ 
tive  with  bet  awing  Pi-  The  period  of  the  free  part  of  tba  valve 
motion  daerawed  slightly  and  Ibh  ateo  waa  in  qualitative  agree¬ 
ment  with  tba  Baaariaad  mhitione,  although  the  latter  shewed  n 
much  larger  -tt  erases  In  fhrM*  in  tba  aama  range  of  P,.  Hov- 
aaar,  tbia  trend  <d  variation  waa  eompistely  opposite  to  that  of  tba 
over-all  period  of  the  nonbi^r  eo’utioo.  Ihue  the  'inerrlaed 
ao'.utloa  proved  to  oe  Inadequate  for  predicting  the  oormat  natural 
frequency  of  tba  ovsc  all  reducer  ritea,  except  hi  tba  caaa  of 
mil  ampl'lnila  occllktteaa. 

In  tba  remaining  part  of  tba  over-all  period,  the  valve  ww 
•topped  a  tba  vt!w  seat,  and  aquation  (1)  war  not  upplteabla. 
Therefore^  tbo  nonMr.aw  ehecta  wara  saaoetotad  primarily  with  tba 
flow  aquation*,  (3)  through  (0),  the  affect  of  vaJvo  rebound  being 
ignored.  Tbia  portion  of  tba  over-ad  period  waa  therefore  con¬ 
trolled  primarily  by  tba  time  required  lor  P  and  P»  to  fall  to  tba 
proper  tevele  ao  that  the  valve  could  be  Hf  tod  again  by  the  qpriag 
force.  Tbia  appoaro  to  ba  the  principal  mechaniwa  rasponrible 
for  tba  dspandanos  ci  the  over-all  period  on  tba  amplitude  of  ca- 
Mllatlon  It,  portable  oparatton.  Tba  an  tlitude  of  P  waa  Mm»t*»i 
>  Pi  and  Pe.  Pt  wan  eon  trotted  primarily  by  P  and  n’ao,  to  n 
much  haw  aslant,  by  tba  motion  of  the  platan  in  Ft-  The 
valve  tmv  cl  waa  hndtad  on  tba  one  aide  by  tbo  vahre  seat,  and  on 
tba  other  ride  by  tba  dynsh  behavior  of  the  valve  lucehaniam, 
and  therefore  by  Pt  and  P.  Tbua,  in  unstable  oparatton,  tha 
jaciUattona  in  P,  Pi,  and  L  were  amplitude  Umitad.  Tbit,  in  turn, 
controlled  the  overall  parted  ci  the  oscillation. 

An  additional  point  of  internet  la  tba  effect  of  tba  riae  of  a  die- 
turbu.jee  on  the  stability  o»  tba  prewum  raduew.  In  tba  linear¬ 
ised  caaa,  tba  dteturbanoa  war  assumed  to  be  email.  Than,  if  tha 
solution  vaa  stable,  the  email  disturbance  would  be  damped  out. 
Tba  question  therefore  la  this:  If  the  diaturbanea  were  not  email, 
would  a  linearly  stable  solution  remain  etableT  To  answer  Ibis 
question,  tba  transient  response  of  tbs  raduew  to  two  different 
step  diaturbanooa  waa  computed  from  the  nonlinaw  aquations. 
These  solutions  are  shown  in  Fig.  8  (note  tba  difference  in  tba  P 
and  L-acaiaa  in  tha  two  solutions),  and  tba  applicable  oooditVna, 
w  wall  w  tba  Hneariaod  raauHa,  are  given  in  tha  caption.  Yiito 
ft  and  ft  both  greater  than  aaro,  the  linearised  solution  should  be 
stable.  However,  tho  nonlinear  solutlx s  show  that  tba  system 
wa  stable  only  to  a  small  disturbance,  but  waa  unstable  to  a 
lart*  disturbance. 

In  tba  oaat  of  tba  large  diaturbanea  Fig-  8  also  chows  that  tha 
period  of  tha  P  and  b-eui  raa  in  tba  first  cycle  of  n*«llstiiiv  waa 
about  80  X /cycle.  This  waa  in  fair  agreement  with  the  value  of 
77 />  ff /cycle  for  tbs  period  of  tba  libearised  solution.  In  subse¬ 
quent  cycles,  tba  period  became  longer,  due  to  tba  noUinew  ef¬ 
fects  noted  earlier.  Now,  in  the  eaaa  of  the  small  disturbance, 
tba  ported  of  tho  P  and  L-curvea  in  the  first  cycle  of  oscillation 
was  only  about  50  ff/ cycle,  and  in  cuboequwnt  cycle*  the  period 
decreased  .o  about  38  X /cycle.  Thus  the  agreement  between  tha 
nonlinear  and  the  linearised  solutions  was  actually  poorer  when 
the  changes  in  F  and  L  were  smaller.  This  phenomenon  was  due 
to  tbo  fact  "hat  the  linearisation  (see  Analysis)  did  ot  take  into 
account  tbo  degenerate  ease  in  which  P  and  P»  remained  almost 
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mwtort  la  tkb  mm,  Um  radwwr  would  bo  operating  abnoat  la 
a  aland?  itrti  wadWa,  co  «h*t  only  equation  (!)  bm4  be  eon- 
tidand.  Then  the  natural  ported  avoid  ba  dnply  9r/u,  rr  88 
f /ayah,  «Utb  la  the  aan  aa  the  period  of  tta  bat  oyck  or  tt  t 
aoafinaar  solution.  Thua  the  natural  parted  ot  the  tatkmr  souk' 
nhanfT  from  Jr/w,  whan  F  ud  A  were  Marty  tonetoat;  to 


atm  la  damping  la  fig,  ft,  (tom  f  «  14  to  fi  -  0.039  and  to 
negative  itaaapiag,  ahowe  that  la  tide  laataaea  tba  viscous  damp¬ 
ing  oa  tha  mechanical  parts  w  rather  ineffective  (or  stabilising 
tha  raduear  ayatam.  This,  at  course,  la  tha  sams  point  noted 
sariar  In  tha  dkeundoa  ot  tha  linearised  rotation. 

SmH| 

Um  agreement  between  timtxparlmsnUl  art  tha  analytical  to- 
auha  (bowed  that  tha  araunptlooa  uand  fat  tha  acalyaio  wars 
reasonable,  and  that  tha  gotoraiag  aquations  wan  essentially 
eorraet  la  daanrlWag  tha  dynamic  bshatrior  ot  a  simple  praaaura 
raduocr.  It  waa  found  that  tha  governing  aquations  wars  rather 
highly  nonllaaar,  and  tha  offset  of  tha  nonlinearity  waa  to  distort 
tha  wars  form  of  tha  oaaHlatlona  of  tha  dependant  variahlm  (P, 
Ft,  L,  and  so  on),  and  to  make  tha  natural  frequency  and  tlt-t 
damping  aaaoclatod  with  the  na  ft  Potions  amplitude  dependant. 
A  aat  of  stability  criteria  was  obtalnad  (or  tha  Unaarlaad  gamming 
equations,  under  tho  naaomption  ot  mmU-ampiltudo  oeriUatione. 
With  them  criteria,  K  waa  poaatbk  to  evaluate  tha  quahtative 
affects  of  tha  various  daaiga  and  operating  parameters  on  tha 
■tohiMty  of  tha  raduear  ayatam.  The  quantitative  problem  of  atv 
bility  area  complicated  by  tho  dapondanoa  of  damping  on  tha 
amplitude  of  oaotMatioa.  Tor  example,  H  waa  found  thrt  the 
ttabih'.y  of  tha  raduear  waa  affected  by  tha  rise  of  the  dis¬ 
turbance.  Further  study  of  tha  aonllaari  properties  of  the 
governing  aquations  la  required  to  clarify  this  and  other  rotated 
problems. 


*  -  na»  -S  m  ,  . 

•sue  at  to  H*.  ? 

Stas  Ntatma 
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San*  ■«  *>  He.  1  aateph 

n  ■  s*i  fw/fc.  Ct  ■  Ci  ■  c,  *  0.8  f  *■  iff 

ft  -  1i?  t,  Sb  V  -  V.90  «*  -  40303 

A,  -  aot  >t  *  3.0 

;r - ■ — « Jbfe.  .  *VHfc  .  m  9  S, 

Sr/tas  -  77.9  XJtfWa,  f,  ~  A039 
lr/m  —  nee.nrii  eta  ry,  ft  «■  Ml 

kr/Utaadh,..  when  F  and  Ft  wore  in  small  ooriDatioo;  and 
finally  to  still  amm  other  natural  period  dependant  on  the  ampli¬ 
tudes  of  P,  Pi,  L,  and  ao  on,  when  them  wots  in  large  oacilla- 
tioB* 

This  point  is  further  Verified  by  an  examine  tico  of  th'  damping 
characteristics  of  the  nonlinear  solution.  The  damping  ratio  as 
dstarmiasd  by  tbs  logarithmic  decrement  of  the  first  two  cycles 
of  tba  P  and  L-eunree  (Fig-  ft,  small  disturbance)  waa  aomowhat 
greater  0»an  the  damping  ratio  fi  -  0.039  in  Us  linearised  ease. 
In  subsequent  cycles,  the  damping  ratio  increased  even  further. 
Toward  the  Isas  cycle  of  oseillt  Hon,  the  reducer  behared  as  tha 
spring-mam  aywcm  of  aquation  (1),  and  the  damping  waa  there¬ 
fore  determined  by  //,  which  in  ibis  ease  waa  aa  much  aa  43  times 
greater  U-an  tha  critical  damping  for  the  spring-mam  system. 
Tbiw  toe  stability  of  tho  reducer  was  controlled  by  {  when  P 
and  Pt  were  nearly  constant,  by  f i  *r-d  ft  when  P  and  Ft  wars  in 
■mall  oscillation,  and  by  still  other  nonlinear  ejecta  when  P,  P», 
L,  and  ao  on,  wan  in  large  oscilla  tion.  Incidentally,  the  largo  dn- 
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DmumnIi  00m,  Vti|U-PittanM  Air  Faros  Bm,  Dayton,  Ohio, 
hi y  IS,  1*40. 

11  A.  Ihm  —4  W,  H.  Hum,  **Alr  flow  OrMUss  foe  Um  to  D»- 
tsraiakg  Air  Flow  Daring  Trots  of  Air  Pin,"  Amy  Air  Fcrero 
Technical  Report  No.  4SSS,  rsnsloe  1,  Oitral  Air  Dowit  00m, 
W rich  t-t'atUrsoo  Air  Forro  Bm,  Dayton,  Ohio.  Mink  4,  IMS. 

kt PENIIX  1 

Dutattoc  if  EptNnt 

Tho  fluid  modiura  >'  Miuruod  to  bo  a  porfoet  cm  w.th  constant 
(pacific  heats,  oo  that 

pa  -  m&T,  '17) 

y  “  V*.  “  eooat  (*-  1.4  for  this  problam).  (18) 

Tto  qraoboia  In  thoM  aquation*  tad  la  tho**  to  follow  Mow  ar* 
ronlalaad  la  tho  Nonunolatum. 

Tho  gMdynamie  pro—  may  bo  nrtimrt  to  bo  adiabatic  aad 
quoot-otoody  (oo  paww  wavro).  Then  tbo  bum  rata  of  flow 
through  a  is 

*.  -  (»«) 

wfetr* 

Ct  -  dtohurge  eotfllctol  of 

0(A.)  -  Wft.*'*  -  A.(»+,,/T)/(Y  -  1)1*,  <*» 

ft.  -  p/p,.  01) 

At  ft.  -0438,  p(ftt)  boo  a  maximum  vahro  of  0470.  At  this 
point  ooait  roiorttjr  i*  rooobod  la  a,  aad  furtbw  dioraaai  of  ft. 
doco  not  mafco  0.  larfor .  Honor  ?(&)  maalao  at  047*  far  ft,  < 
0438.* 

Similar  aqudttooa  may  bo  written  tor  0,  or  Am,  aad  for  0  for 
flows  through  a,  aad  o.,  respect!  valy,  with  ml  script  2s  roforriag 
to  flow  from  o  to  oa  aad  31  roforriag  to  flow  la  tho  oppoalta  dirao- 
tioOL 

Doaottac  tbo  cm  bum  la  o  by  m,  aad  «ria(  rabooript  d  to  ladl* 
oato  tho  roforoooo  oroditton  of  Moody  ototo  oparatkm  for  tbo 
prooNro  roduoor,  oao  auy  write, 

m  -  pa/<R7\  OK  -  pu/ATb  O*  -  yp<R7\  (33c  h,  «> 

doi/dw,  -  (o^o)*((*/po)  -  3(p/pd(do/o)| 

-  (i/cXM.  +  0  +  0)0  (38) 

By  subotHution  of  oquattoao  (33)  lato  (10),  oao  boo 

00/«s  -  (Ju,/o^(W«i)(Pi/p»V<fti)dX  (24) 

where  o.  ^  a  rofwoooo  aroa,  aad  tf  -  amdt/f  Similar  exproa- 
■ioaoBuybo  wrltloa  for  00/m»,  0#0/ms,  aad  Msdl/an.  Whoa 
tb>M  aro  mbatKutad  lato  aquation  (33),  with  tbo  ahnpflflad 
dfanonoloaloM  notottoao  *-/*■  -  At,  o./m  -  At,  Pi/p»  -  f*,. 
p(ft.)  —  p.,  -ad  oo  on,  oao  obtaiao  *bo  following  ooatiauity  aqua¬ 
tic  a  frr  flow  from  atom  through  A«: 

dp  -  tPoa/a  -  «*t(c,A,/w«,)  -  (c*A,iwct) 

-(<WW<*)],  ,TS) 

boro  D  m  rf/dS. 

For  flow  la  tbo  opposite  diraetlon  (*•  to  r),  tbo  continuity  aqua¬ 
tion  lo  Amtur  oonept  that  tbo  tarn  -(VWW*  b  ropioeed  by 
+C»AJPtPM/(lo.  Tbo  discharge  ooottdoat  Ct  b  aonunod  to  re- 
toain  Um  same  tor  flow  la  oitLsr  direction. 


Tha  oanrgy  aquatloa  for  tbo  gaa  to  «,  fa  obtained  by  noaMrteriag 
tb*  ohanga  In  the  Internal  energy  la  s.  duo  to  the  wort  dena  >a  tba 
pMoe  end  the  energy  brought  Into  *.  by  flow  praeoM  through 
a*.  Tbo  boat  energy  transferred  lords  arourrsd  to  bo  tore.  For 
flow  lato  *i  (from  •),  thb  energy  aquatloa  b 

<c./<R)d(*m)/0  -  *,70.  -  (l//)p0/A  (38) 

la  dimeasioalma  terms,  with  h/hs  m  V*  sad  r/r, .  -  V,  where 
*•  *  b  tbo  refareoes  volume  of  *.  (tbo  valve  At  b  la  Um.  el need 
pcolttoa),  aad  olao  with  Vt  expressed  to  tormo  of  tbo  dlauaalr  nlom 
pbtoa  position  K,  tbo  energy  aquatloa  tor  tbo  |M  la  Ft  baeoaiMa 

(Y  +  Y,)DPt  +  fPJ>v  -  yVCsAOP*.  (37) 

for  flow  trou  V  into  Vt,  The  oorreopoadirg  anorgy  aquation 
for  flow  In  tbo  rororoo  direction  la  similar,  eaoapt  tbo  right-hand 
tide  is  replaced  by  -yKGAtfVW 
Tbs  energy  equation  for  tbo  gas  in  V  may  bo  written  la  a 
similar  fashion  by  equating  tbo  change  la  tbo  iatoraal  ouergy  la 
Y  to  the  eoergim  brought  into  V  and/or  removed  from  V  by  the 
flow  proesarw  *htn«gh  A.,  At,  and  A*.  Actually  tho  boundary 
of  V  it  somewhat  indefinite  in  the  neighborhood  of  the  metering 
valve  because  it  is  not  stationary.  In  fact,  there  must  bo  soma 
work  done  on  '/  by  the  motion  i  the  metering  valve.  But  these 
effects  aro  assumed  to  or  negligible.  Also,  the  effect  of  !mt  trans¬ 
fer  is  neglected.  Then,  omitting  the  intermediate  steps  and 
writing  the  energy  equation  directly  in  dimensionless  terms,  one 
has, 

DP  -  y [DA .CUP**  -  CtAOP**  -  CtA/XP*,]  (28) 

for  flow  from  V  to  V,.  Again,  the  corresponding  ,-nergy  equation 
for  flow  in  the  opposite  ilirwtic  .  is  similar,  eneept  that  the  term 
-CiAtOPp.,  is  replaced  by  +CiA|£bP,p,, 

An  aquatloa  is  niao  i.eedod  for  determining  an  additional  prop¬ 
erty  of  the  gM  in  V,.  The  equation  for  Ob  for  flow  from  V  to  T. 
is  obtained  by  combining  equations  (27),  (17),  nnd  (23e): 

2  (K  +  Y^DCU/O, 

w  (VCtA/iP<fit,/Pt)  17  ~  (C,/a)*l  -  (.  -  1)DK.  (29) 

The  equation  for  Ct,  for  flow  from  V,  to  K  is  obtained  by  assuming 
the  process  in  V,  to  be  iaentropic: 

P,  _  (30) 

The  dynaniiral  equation  is  obtained  i>y  equating  the  inertia 
force  to  the  sum  of  the  damping,  spring,  pleasure,  and  flow  forces 
acting  on  the  metering-valve  assembly.  Here  the  pressure  force 
refers  to  the  force  on  tht  pisto  n  due  to  pressure  p»  and  the  flow 
f'  >rce  refers  to  the  force  on  ohe  metoring  valve  due  tr  the  presence 
of  flow  over  the  surface  of  the  valve.  The  flow  force  is  discussed 
in  greater  detail  in  Appendix  2.  Generally  speaking,  this  force 
depends  on  the  geometry  of  the  valve  and  of  the  flow  pawiage,  the 
pressure  (or  density)  and  alsv.  the  pressure  difference  across  the 
valve.  Because  of  the  complexity  of  the  flow  pattern,  it  is  gen¬ 
erally  \  ery  difficult  to  calculate  theoretically  the  flow  force  in¬ 
volved.  Ho>'  ever,  in  Appendix  2,  it  is  shown  that  tor  a  valve 

•  Fora— detailed  dt—s fas  of  equations  (1»  to  (21)  and  of  thk 
method  of  defining  the  dischargs  cosffkkat  Ci,  sss  D.  H.  Tsai  and 
M.  M.  Biawsk/,  “DsSsrminatioo  aad  C-«eststicB  of  Flow  ^rrrillln 
of  PneumaLe  Componeata,H  KBS  drools,  *W.  niipwintsmlil  of 
Dooumsata,  U.  8.  Govsroawat  PrUting  OSes.  Washington  D.  C. 
October  IS,  1S69. 
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d  givm  geometry  the  dimmsionUm  flow  force  f/ttpt  ia  given  by 

tkt  mpwniin 

//•»*  -  FJJP*  -  P),  (31) 

and  F,  and  F,  are  experimentally  obtained  functions  u  discussed 
in  Appendix  2.  In  terms  of  dlmerrionlns  >'  and  %,  the  dy¬ 
namical  equation  then  beeimM 

D*Y  +  f DY  +  »'Y  -  iP,  -  { F^.fP,  -  P)  -  0.  (32) 

The  coefficients  f,  «*,  q,  {  am  defined  In  tha  Nomenclature. 

To  summarise,  equation.  (25),  (27),  (28),  (28),  and  (32)  de- 
be  the  dynamic  behavior  of  tha  pressure  reducer  when  the 
flow  through  at  ia  from  i  ton.  A  aimilar  set  of  five  equationa  ap- 
plira  when  the  flow  through  a,  ia  from  «*  to  ».  Them  equationa 
contain  five  unknow  na.  P,  «,  Pt,  CL,  and  Y.  With  a  givan  eet 
of  ir  dal  condition.,  them  equationa,  therefore,  may  be  solved 
simultaneously,  and  the  aolutione  may  be  obtained  aa  function*  of 
2.  Tha  method  of  solution  la  discussed  In  tha  taxi. 


kffi NlfX  2 

MwaiaiNfia  M  fkw  F  treat  Hi  DteUrtt  CmUMi 
far  ViriMt  FippM  Valm 

tnantMMW  team*  The  metering-valve  assembly,  ahown  ache- 
matically  In  Fig.  1,  was  modified  for  the  flow  force  and  flow-rate 
measurements.  The  orifice  ai  was  waled,  and  the  spring  and  tha 
piston  were  removed.  Sealing  gasket*  were  i  natal  ted  to  prevent 
leakage  between  the  valve  rod  and  the  cuing,  and  the  rod  waa 
rotated  (by  means  of  an  electric  motor)  to  reduce  friction  in  tha 
axial  direction  of  the  rod.  The  flow  force  on  the  poppet  valve  was 
measured  by  means  of  a  hydraulic  seal-  10]  attached  to  the  valve 
rod.  The  accuracy  of  the  measurement  was  about  0.C3  lb.  Tha 
valve  lift  was  measured  by  meant  of  a  precision  dial  gage  which 
read  to  0.00'  in.  The  valve-openin(.  area  *t  was  computed  from 
the  lift  and  the  geometry  of  the  setup.  The  pressures  p,  and  p 
were  measured  by  means  of  calibrated  Ikourdon  gages  with  nn 
accuracy  of  1  p*i.  The  mass  rate  of  air  flow  *A|  Uuuugh  the 
modified  reducer  waa  controlled  by  the  valve  *,  and  measured  by 
means  of  a  noasle-type  flowmeter  built  to  the  specifications  given 
in  references  JiG,  1!).  According  to  reference  fill,  measure¬ 
ments  mtdu  with  this  flowmeter  were  accurate  to  somewhat 
better  than  1  per  cent. 

tup irtumri  toiriwi.  The  f.  .w  force  and  flow-rate  measure¬ 
ments  were  node  fiist  on  the  4.V-d«g  poppet  valve.  The  valve 
waa  first  installed  on  the  upstream  aide  of  the  valve  -cat.  The 
flow  was  then  in  tk  direction  1  as  shown  in  Fig.  7.  The  upstream 
p. -assure  was  held  constant  at  p,  -  115  psia  and  measurements 
were  made  at  pressure  ratios  (kt  —  p/pi)  ranging  firm  0.30ft  to 
0.913  and  at  valve  lifts  ranging  from  0  to  0.080  in.  This  proce¬ 
dure  waa  repeated  with  the  valve  installed  on  the  downstream 
side  of  the  seat.  In  this  '«ae  the  flow  waa  in  direction  U  as 
shown  io  Fig.  7.  The  same  measurements  were  then  repeated 
for  the  cam  of  the  hall  valve  and  the  flapper  valve,  at  p,  —  55, 
115,  and  155  psia. 

Raaaht.  The  flow  force  considered  here  war  the  net  pressure 
forces  integmUo  over  the  surface  of  the  valve  in  the  axial  direc¬ 
tion.  The  measured  flow  force  /  on  the  45-deg  valve  ia  plotted 
against  the  ii't  l  in  Fie-  A  fo*  various  downstream  pressures. 
These  curves  show  that  for  a  giveu  l,  f  decreased  with  increasing 
downstream  pressure  and  that  tor  a  given  fti  (or  dewnstrewtn 


Hg-A  Manama*  flaw  (am*  aa  a  45-dag  poppet  waive  at  vwrlam  Nil* 
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pressure)  /  decreased  with  increasing  1  These  result*  were  aa 
expected  because  v».  nr  renal  rg  downstream  pressure,  the  dif¬ 
ference  between  the  upstream  and  downstream  pressures  de¬ 
creased,  and,  with  increasing  {,  leas  of  the  downatroam  area  of  the 
valve  waa  acted  on  by  the  downstream  pressure.  In  fact,  if  1  were 
very  large,  tha  entire  vahn  would  be  under  premure  pi,  and  / 
would  be  aero.  Aa  I  decreased,  the  valve  ould  move  into  the 
stream  and  /  would  increase.  At  aero  lift,  the  .low  force  /w  would 
be  equal  to  l(Pi  -  p)  where  •  ia  the  sea*  in*  area.  This  area,  in 
general,  would  not  bee.  jual  to*,  Fig.  1.  With  the  present  setup, 
ft  could  not  be  measured  easily.  This  force  waa  therefore  ob¬ 
tained  by  extrapolating  the  flow-force  curves  to  aero  lift. 

It  was  found  that  tha  data  io  Fig.  fiooukl  be  correlated  by  divid¬ 
ing  the  ordinal «  of  curves  of  ocsastanl  R,  by  their  respective 
value*  of  ft.  This  oorreii  'ion  reduced  the  flow-force  curves  to  tha 
■olid  F„  venue  A, -curve  (flow  in  direction  It  ia  Fig.  7(a).  Hera 
tha  ordinate  is  tha  dimanatoolaaa  flow  force  F,  ■»///*;  the  abscissa 
is  the  dimension  leas  valve  nffliiq  A,  —  a,/*».  This  curve  indi¬ 
cates  that  tha  change  in  tha  pressure  distribution  over  the  surface 
of  the  valve  due  to  a  change  In  the  lift  wrt  aimilar  at  different 
pressure  ratios  across  to#  vaiva. 

Tha  ama)  in  the  expression /•  -  a{p,  -  p)  may  b*  expected  to 
vary  with  tha  eeating  condition  of  the  valve  and  with  tha  p-  asura 
distribution  over  the  valve  sat  and  hence  with  Rt.  Since  it  ia 
generally  difficult  to  determine  the  oond’tloos  at  the  scat,  the 
variation  of  I  ia  beat  obtained  experimentally.  The  solid  curve 
of  F,  -  ft/mifi  —  p)  "  «/a»  against  lit  In  Fig.  7(a)  shows  that 
F,  —  1.07  and  ia  nearly  oonatant  over  tha  range  of  R%  tested. 

The  flow  force  may  now  b*  expressed  •« 

/  -  *sF,F,(p,  -  p). 

From  a  dimensional  ornekiera'ion,  the  flow  pattern  and  the 
pressure  distribution  over  a  given  valve  at  a  given  lift  should  be 
independent  of  the  pressure  level  if  Rt  is  held  constant.  There¬ 
fore,  the  fuegoing  expression  may  be  extended  to  apply  to  other 
cases  with  different  p,  and/or  p  by  making  /  dimension  leas.  The 
reference  force  Is  most  conveniently  taken  as  ttPt-  Thus 

f/*pt  -  F,F,( •,  -  p)/pt. 
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TU.  expression  indeed  win  found  to  a|>ply  to  the  other  valvra 
tm'sd  at  fh  -  05,  115,  UMl  )05  |ieia,  Ki«n.  7  («,  f>,  and  f)). 

Tk»  discharge  coefficient  (equation  (Itt),  Apix-ndix  l|  «W  the 
poptri*  volvo  woo  computed  from  the  measured  flow  rote  data 
IH«i.  7(d  through  »)  ohow  (Its  effect  of  I,  It,,  ond  the  flow  direction 
on  the  diwharg*  coefficient  fur  the  three  valve*  at  the  tor  of  iho 
figure.  These  results  were  obtained  at  y,  -  1 IS  |m>1*  tlie  rw- 
aulte  obtained  ot  gi  “  46  end  IW  paio  acre  nearly  identical  to 
thoae  obtained  ot  I  It  pale. 


7.4.9  Dynamic  AnutyHs  of  Pnoumatk  Caahpot  for  a 
Regulator  Control  Element 

7.4.i.l  INTRODUCTION.  A  fluid  component  mounted  in  a 
miooile  or  spaca  vehicle  will  experience  vibration  of  tha 
mounting  structure  during  part  or  ail  ot  the  operating 
period.  Vibration  will  occur  over  a  range  of  frequencies 
and  g-lee#l«.  If  an  element  In  the  component  ie  resonant 
with  any  of  the  vibration  frt-qu  ncles,  the  dynamic  per¬ 
formance  of  the  component  may  be  seriously  impaired,  or 
the  unit  may  fail  structurally. 

These  effects  *an  be  presented  by  either  modifying  the 
design  of  the  remnant  clement  or  by  other  methods.  The 
method*  available  include  changing  the  resonant  frequency 
of  the  vibrating  part,  damping  ot  balancing  the  part,  ot 
the  use  of  vibration  isolators. 

r  eference  35-1  describes  the  design  and  development  of  a 
helium  gaa  pressure  regulator  which  was  intended  for  use 
in  a  missile  booster  or  space  propulsion  module.  The  pur¬ 
pose  of  **te  unit  was  to  maintain  the  pressure  in  a  propellant 
tank  at  the  required  level.  The  specifications  for  the  regu¬ 
lator  called  for  satisfactory  operation  of  the  unit  in  the 
following  environment  \1  conditions: 

Vibration :  5  to  2000  cps.  at  25  g 

Sustained  Acceleration:  up  to  15  g 

Ambient  Temperature:  300  to  -1  165 "F 

When  the  design  of  the  regulator  was  initiated,  it  was  seen 
th  1 1  the  sensor  element  would  hive  a  resonant  frequency 
in  the  above  range  of  violation  frequencies.  It  was  decided 
to  solve  this  problem  by  using  a  pneumatic  dashpot  to 
critically  damp  the  sensor.  The  sensor  and  the  dashpot  are 
part  nt  the  regulator  control  element  or  *  controller.”  A 
dynamic  analysis  of  the  controller  dashpot  was  carried  out 
to  determine  the  optimum  design  parameters  of  the  rt.it. 
This  analysis  is  given  in  Reference  35-1  and  will  be  re¬ 
peated  in  Detailed  Topic  7.4.9. 2  As  an  introduction  to  this 
section,  the  readei  should  refer  to  Sub-Topic  5.4.5  for  a 
description  of  the  regulator  and  its  controller. 

Figure  5.4.5  is  a  schematic  diagrum  of  the  regulator.  The 
pressure  at  the  outlet  port  and  at  the  f  msinp;  port  is  the 
tank  pressure,  which  is  the  pressure  being  regelate!  The 
regulator  is  composed  of  three  sections,  the  bleed  regulator, 
the  uctuutor,  and  the  controller.  The  operation  of  the  com¬ 
plete  regulator  is  relatively  complicated  and  will  not  be 
given  he'd  it  is  explained  in  Sub-Topic  5.4.5. 
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The  controller  shown  in  Figure  5.4.5  consists  of  the  fol¬ 
lowing:  a  sensor  (66)  which  is  n  bellows;  a  chamber  at 
the  tank  pressure  „nd  connected  to  the  tank  pressure  at  naing 
port  shown  in  Figure  5.4.5;  a  diaphragm  (61) ;  a  com. act¬ 
ing  link  (64)  between  the  sensor  and  the  diaphragm;  a 
pilot  valve  (62)  ;  a  chamber  at  the  eontmUei  damping  pres¬ 
sure;  a  amall  Passage  around  the  connecting  link  (64) 
between  the  tank  pressure  chamber  and  the  damping  plea¬ 
sure  chamber. 

The  sensor  (66),  connecting  link  (64),  and  diaphragm 
(61)  constitute  a  spring-mass  system  with  a  resonant  fre¬ 
quency.  The  volume  of  gas  in  the  chamber  at  the  controller 
damping  pressure,  (hr  diaphragm  (O’),  and  the  passage 
around  the  connecting  link  (64),  constitute  a  pneumatic 
dashpot  which  dampens  the  motion  of  the  spring-mass 
system  Movement  of  the  diaphragn  results  in  gas  flow 
between  tha  chamber  at  tank  pressure  and  the  controller 
da.nping  pressure  via  the  passage  around  the  connecting 
link  (64),  which  is  small  ani  acts  an  a  restriction,  thus 
producing  the  desired  damping  effect.  The  following  De¬ 
tailed  Topic,  which  is  taken  f  om  Reference  35-1,  pages 
93-103,  is  i  dynamic  analysis  of  this  pneumatic  dashpot. 


NOMENCLATURE 


Symbol 

Term 

Units 

Effective  area  of  diaphragm 

in1 

V 

Annular  area  of  parsage  around  con¬ 
necting  pin  (64)  (Figure  5.4.5) 

in* 

C 

Flow  coefficient  of  area.  A, 

c,  — • 

Pr 

K 

Spring  rate 

Ib/in. 

M 

Effective  mass  of  moving  parts 

lb/sec.: 

in. 

P.. 

Tank  pressure,  the  pressure  being  rog- 

l  !  ted 

Ib/ir.1 

P, 

Controller  Pressure  damping 
•  Figure  5.4.5) 

)b/in’ 

K 

Gas  constant 

in/  R 

V.. 

Initial  volume  of  chamber  at  controller 
damping  pressure  (Figure  5.4.5) 

in’ 

v. 

Volume  of  chamber  at  controller  damp¬ 
ing  pressure  (Figure  5.t.5) 

in* 

w 

Weight  of  gas  in  volume  V, 

ib 

X 

Position  of  di  'phragm 

in. 

X 

Initial  position  of  diaphragm 

in. 

V 

Riitic  of  •‘specific  heats 

— 

Initial  temperature  in  chamber  at 
controller  damping  pressure  (Figure 

5.4.5) 

R 

9, 

Temperature  in  chamber  a‘  controller 
damping  pressure  (Figure  5.4.5) 

R 
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7.4.C.J  ANALYSIS.  It  was  obvious  from  (Mat  exportonce 
Ikat  mi  Meant*  low-friction  Mior  operating  •  «*»»■**- 
tfaaal  pilot  valvo  would  exhibit  an  *icwif«r  orror  in  regu- 
latad  pro- tun  under  the  specified  environmental  vibration 
lovoia.  An  important  design  nkjoftlv*  waa  to  dev’w*  some 
aaoana  it  reducing  this  error.  Methods  considered  were: 

a)  Damping 

b)  Balancing  (nr  role  rat  ion  oon:  pen  nation ) 
e)  Vibration  Isolator* 

d)  (In  of  n  oetMor  that  did  not  resonate  in  the  specified 
frequency  range. 

Method  S  hr  j  boon  tried  in  the  peat.  Though  reasonably 
eif active,  it  waa  not  selected  due  to  bulkimaa,  and  the 
nonavailability  of  an  i  acta  tor  the.t  would  function  over  the 
—900  to  -f  165"F  temperature  rente,  with  15  g  sustained 
acceleration  in  any  direction. 

Motnod  4  would  have  precluded  the  uee  of  a  simple  bel- 
krwa-tjrpe  sensor  To  obtain  a  resonant  frequency  above 
9000  epa,  the  eenaor  spring  raU  would  have  to  be  exces¬ 
sively  high.  Such  a  sonsor  would  not  have  a  large  enough 
deflection  **er  pai  to  la  uaablo  without  the  complexities  of 
additional  amplification  by  mechanics'  linkages,  or  pn?u- 
naotic  circuitry.  Therefore,  this  method  was  not  selected. 

In  theoretically  evaluating  the  effect  of  Method  1  and 
Method  S,  Jte  structural  dynamics  of  the  oenoor  are  of 
decisive  importance.  Tha  unsors  to  be  used  war.  !»”->ws. 
Bellows  behove  under  vibration  in  a  manner  analogous  t 
helical  springs.  There  are  two  elementary  modes  of  reso¬ 
nance:  (1)  one  end  fixed  and  one  end  free,  with  the  fine 
end  reoona.ing  with  respect  to  the  fixed  end;  and  (2)  both 
ends  fixed  with  the  center  of  the  spring  resonating  with 
respect  to  the  e>  da.  Bucauae  the  lower  end  of  the  bellows 
eraa  not  attached  to,  nor  '.ormnlly  in  contact  with,  any 
pasiti'e  stop,  it  eras  aisnmaJ  that  the  bellow.,  would  res¬ 
onate  In  mode  1.  It  waa  also  assumed  that  the  belt  ws  waa 
mounted  in  a  rigid  f-aose,  *o  tlmt  the  t.bration  Input  to 
the  re.;.- '*tor  waa  always  equal  to  the  mb.  ation  input  to 
the  bellows. 

If  these  aasumpfons  are  fulfilled,  it  is  obvious  that  either 
damping  or  perfect  static  balancing  would  eliminate  high 
amplitude  oscillation  of  the  sensor  due  to  vibration. 

An  analog  computer  study  of  another  Rocketdyne  pressure 
regulator  (us  ^g  the  same  assumptions  a'  above)  had  pre¬ 
dicted  mt  i-  the  sensor  (68)  of  Figure  5.4.5,  were  crit¬ 
ically  damped,  the  error  in  regulated  pressure  due  tc 
vibration  would  be  greatly  reduced.  The  results  of  this 
study  are  in  Figure  7.4.9.2a. 

Baaed  on  this  result,  it  was  desire  ’  to  design  -  device  that 
would  critically  damp  the  tensor.  A  pneumatic  dashpot  was 
no'.octud  for  triai  because  it  appeared  that  it  could  mote 
readily  be  made  to  operate  over  the  — 800°F  to  -)  .  >5°F 
temperature  range  than  other  damping  devices. 

A  pneumatic  daahpot  does  not  give  true  viscous  damping. 
Because  of  the  compressibility  of  the  gas  in  the  damping 
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chamber,  the  daahpot  can  act  more  like  a  spring  than  a 
damper  if  too  small  a  damping  restriction  is  used.  In 
addition,  the  low  viscosity  of  helium  (the  gas  being  used) 
cauari  the  damping  restriction  to  behave  as  an  ortfi.e  and 
1  tve  u  pressure  drop  proportional  to  the  square  of  the 
fiow  rate,  introducing  n  non  linear  damping  character!'  >c. 

The  non-linear  differential  equati.  ns  of  the  d  shpot  and 
spring-mass  system  are  shown  in  Tabie  7. 4. 9.2.  A  digital 
computer  was  ured  -.e  obtain  numerical  solutions  to  the 
equations  for  a  variety  of  operating  conditions  and  choices 
of  design  parameters. 

Figure  7.4.9.2b  shows  the  time  response  of  the  spring-mass 
dash  pot  system.  The  system  is  deflected  0.015  inch  upward 
from  i's  equilibrium  position,  and  released  at  time  t  ~  0. 
As  originally  designed  the  response  shown  in  curve  A  was 
obtained,  a  highly  underdamped  oscillation  superimposed 
on  a  slowly  decaying  exponential.  The  oscillation  was  ap¬ 
parently  due  to  the  pneumatic  spring  action  of  the  dash  pot 
internal  volume.  When  the  damping  restriction  area  was 
Increased  by  a  factor  -f  four,  tile  oscillations  were  greatly 
reduced,  as  shown  by  curve  B.  On  the  other  hand,  the 
slowly  decaying  exponer*ial  component  of  the  response 
could  be  speeded  up  by  reducing  th-  internal  volume  by  a 
factor  of  throe,  as  shown  in  curve  C.  When  both  modifica¬ 
tions  were  incorporated  simultaneously,  a  nearly  optimum, 
critically  damped  response  was  obtained,  as  shown  in 
curve  D. 

The  schematic  diagram  at  the  head  of  Table  7.4.0.2  shows 
.hut  thv  nominal  pressure  in  the  dashpot  is  the  regulated 
pressure.  This  may  vary  from  10  to  75  psia,  depending  on 
the  set  point  s*.  ctGd  and  ihe  altitude.  Figure  7.4.9.2c 
t>’  ows  that  if  the  dashpot  is  design  d  for  optimum  response 
at  75  psia,  the  response  will  at  10  psia  become  more  r.  pid 
and  uederdamped. 

The  temperature  of  the  gas  also  affects  response  in  nearly 
the  same  wa*  as  does  pressure.  Th*  effects  of  both  are 
taken  into  account  »/  considering  gas  density  in  Figures 
7.4.0.2b  and  7.49.2c;  gas  temperature  is  70°F.  Figure 
7,4,0.80  «b  »•  the  response  st  maximum  gas  density  (75 
psia  and  16^  "R),  and  at  minimum  gas  density  (10  psia 
and  960°R)  Considering  that  the  density  variation  is  45 
to  1,  the  response  varies  remarkably  little.  It  was  found 
that  to  obtain  best  average  response  over  this  density 
range,  the  ‘damping  restrf  lion  area  had  to  be  decreased 
by  «  factor  of  two  trom  the  optimum  value  of  Figure 
7.4.9.2b.  Thus  at  the  higb»"t  density,  response  is  somewhat 
overdamped,  and  at  the  lowest  density  it  is  slight'y  unde.  - 
damped. 

It  was  felt  that  the  response  of  Figure  7. 4.9. 2d  was  satis¬ 
factory,  and  the  values  of  design  parameters  chosen  for 
this  figure  were  selected  for  the  final  design. 

It  was  learned  during  development  of  the  regulator  that 
the  sensor  was  resonatirg  in  a  more  >mplex  manner  thar 
that  which  has  been  assumed  in  this  analysis.  Based  on 
the  observations  discussed  in  the  development  section,  it  is 
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suggested  that  in  future  analyse*,  the  equi-  alert  spring- 
mau  system  for  tha  jensor  be  taken  aa  a  t.vo-degree  of 
freedom  lyrterr.  with  limit  stops  for  the  lower  mass,  aa 
ahown  in  Figure  7.4.9  2*.  A  iair.ping  term  should  be  in 
eluded  for  the  "upper  masr"  based  on  the  structural  damp¬ 
ing  coefficient  for  the  bellows  material. 

It  ia  clear  that  neither  static  b,.  in  <ng  nor  critical  damp¬ 
ing  of  the  bellows  (for  one-eitd-ftxed  and  oneend-fnc 
res*  .ance)  can  prevent  resonance  of  the  above  ayatem. 
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8.1  INTRODUCTION 

A  variety  of  computing;  devices  have  been  developed  over 
the  years  to  aid  in  the  solution  of  complex  engineering 
problem:).  Of  these,  the  electronic  differential  analyzer  and 
the  stored  program,  general  purpose,  digital  computer  — 
generally  referred  to  as  analog  and  digital  computers,  re¬ 
spectively —  have  emerged  as  the  most  powerful  and 
widely  accepted.  The  purpose  of  this  section  is  to  explain 
the  basic  characteristics  of  analog  and  digital  computers 
and  to  indicate  the  techniques  involved  in  handling  vari¬ 
ous  tipes  cf  engineering  problems. 

Analog  and  digital  computers  differ  in  almost  all  respects. 
The  analog  computer  provides  a  means  of  simulating  the 
taathematical  model  of  a  system  by  inteiconi  ecting  elec¬ 
tronic  components  which  are  capable  of  performing  basic 
mathematical  operations  i  ,  accordance  with  the  equations 
that  describe  the  system  of  interest.  When  the  analog  com¬ 
puter  is  excited  oy  the  application  of  appropriate  initial 
conditions  and  forcing  functions,  all  portions  of  the  com¬ 
puter  simultaneously  and  contiwonsly  react  in  a  manner 
analogous  to  the  system  being  modeled  on  it.  (Thus  the 
term  analog  computer.)  Means  are  provided  for  recording 
the  variables  of  interest,  and  the  user  is  provided  with  an 
immediate  display  of  the  activity  within  the  system  as  it 
reacts  to  the  forcing  functions.  The  digital  computer  is  a 
device  capable  of  performing  arithmetic  and  elemrnta.*y 
decision  operations  at  high  rates  of  speed.  When  it  is 
given  a  sequence  of  instructions,  it  can  solve  a  problem  in 
a  manner  similar  to  thV;  used  in  solving  a  problem  with 
a  desk  calculator.  The  instructions  and  data  are  stored  in 
a  memory  unit  and  executed  at  rates  of  sever..!  thousand 
per  second.  The  results  of  these  operations  are  usually 
displayed  as  listings  of  numerical  values. 

Several  interacting  factors  to  be  considered  when  compar¬ 
ing  the  suitability  of  analog  and  digital  computers  for  ap¬ 
plication  to  engineering  problems  are: 

a)  Versatility.  The  digital  computer  is  capable  of  solving 
a  wider  range  of  problems  than  the  analog  computer,  in¬ 
cluding  any  problem  that  can  be  solved  on  an  analog  com¬ 
puter.  Problems  that  can  be  reduced  to  a  sequence  of 
arithmetic  operations  and  a  combination  of  simple  yes-no 
decisions  can  be  solved  on  a  digital  computer,  while  the 
analog  computer  is  limited  to  the  solution  of  problems 
associated  with  differential  equations,  and  is  most  often 
used  in  the  design  of  dynamic  systems. 

b)  Accuracy.  The  accuracy  of  a  digital  computer  is  deter¬ 
mined  chiefly  by  the  number  of  significant  figures  that  its 
memory  is  designed  to  handle.  This  varies  widely,  depend¬ 
ing  upon  the  mode!  of  the  computer,  but  is  usually  between 
six  and  twelve  decimal  places.  An  analog  computer,  how¬ 
ever,  is  limited  to  four  place  accuracy  (0.01  percent),  and 
complex  problems  often  yield  results  accurate  to  only  two 
or  three  places.  Although  this  appears  to  make  the  analog 
computer  relatively  useless,  it  should  be  remembered  that 
the  accuracy  of  the  data  involved  in  many  engineering 
problems,  particularly  those  involving  preliminary  design 
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of  dynamic  systems,  is  often  limited  to  two  or  three  places, 
thus  the  solution  of  any  equations  involving  such  data  is 
only  accurate  to  the  same  number  of  places. 

c)  Speed.  The  speed  at  which  a  digital  computer  solution 
is  found  is  determined  by  the  rate  at  which  the  computer 
can  perform  arithmetic  operations,  and  by  the  complexity 
of  the  problem.  In  the  analog  computer,  all  computing  ele¬ 
ments  operate  simultaneously,  therefore  the  speed  of  the 
solution  is  independent  of  the  complexity  of  the  problem. 
This  characteristic  makes  it  possible  to  program  the  ana- 
iog  cc  nputer  so  that  the  time  constants  and  frequencies 
of  the  computer  solution  are  equa!  to  thoae  of  the  physical 
system  which  the  computer  is  simulating. 

d)  Economy.  Digital  computers  vary  in  operating  costs, 
from  a  low  of  appi  jximatcly  $10  per  hour  to  as  high  as 
$600  per  hour.  This  cost  range  represents  a  considerable 
variation  in  computer  spetd  and  size.  Digital  computer 
speeds  vary  from  several  hundred  to  several  hundred 
thousand  arithmetic  operations  per  second,  and  memory 
capacities  vary  from  approximately  2,000  to  over  100,000 
words.  (A  won)  represents  one  data  value  or  instruction.) 
The  cost  of  analog  computers  varies  from  approximately 
$6  to  $60  per  hour,  depending  upon  size.  The  size  of  an 
analog  computer  is  measured  by  the  number  of  its  inde¬ 
pendent  computing  elements,  and  varies  from  60  to  over 
500  such  elements. 

To  summarize,  analog  computers  arc  low  cost,  high  speed, 
low  accuracy  machines  used  primarily  to  study  problems 
arising  from  the  design  and  analysis  of  dynamic  systems. 
The  results  of  analog  computer  operations'  are  displayed 
in  graphical  form,  providing  the  operator  with  an  imme¬ 
diate  picture  of  the  system  activity.  Digital  computers 
provide  high  accuracy,  and  arc  more  versatile.  They  are 
more  suited  to  the  solution  of '‘problems  that  are  algebraic 
or  numerical  in  nature,  and  they  usually  display  results  in 
the  form  of  a  numerical  p-intout. 

8.2  ANALOG  COMPUTERS 

8.2.1  The  Nature  of  Analog  Computation 

8.2.1. 1  THE  PRINCIPLE  OF  ANALOG  COMPUTATION. 
The  analog  computer  is  an  engineering  too’  used  In  the 
laboratory  to  study  physical  systems  which  are  too  com¬ 
plicated  to  analyze  with  conventional  mathematical  tech¬ 
niques  and  for  which  the  “build  and  try”  process  of  design 
and  test  is  prohibitively  expensive  and  time  consuming.  It 
contains,  a  number  of  electronic  components  that  can  be 
interconnected  to  simulate  the  mathematical  description  of 
a  system  or  component.  The  computer  thus  becomes  an 
electronic  analog  of  the  object  system.  lf  is  easily  manipu¬ 
lated  in  order  to  determine  optimum  design  criteria,  and 
readily  subjected  to  a  variety  of  engineering  tests  ranging 
from  frequency  respoi.se  tests  to  the  application  of  "worst 
case”  forcing  functions. 

The  batiis  for  using  electronic  analogs  to  simulate  a  de- 
verse  class  of  physical  systems  lies  in  the  mathematical 
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•quhwlme*  of  tho  aquation*  that  describe  tlmi  systems. 
ConaMor,  for  nanpli,  tho  modal ■  shown  In  Figure  8.21.1.1. 
Tha  velocity  of  tha  spring-mass  eyatem  and  tha  instant*. 
naour  currant  In  tha  alactrical  circuit  art  aach  daacribod 
bjr  an  intag  rc -differential  aquation  oi  tha  form 


t  ti  j  i  a  •  d) 


•I  MNO-HUUtmiM 


„/  *-K  CIKUT 


num  U.1.1.  Different  Pk_sl>:al^3gsteins  with  IquMid 


(Eq  &  2.1.1) 

*  <!t  +  by  +  c  j  ydt  -  *<t) 

i  ha  solution  of  Equation  (8.2.1. 1)  for  y  as  a  function  of 
t  la  a  mathematical  process  completely  independent  of  the 
physical  significance  of  the  parameters  in  the  equations. 
It  follows,  therefore,  that  a  solution  for  y  can  represent 
a  solution  for  an)  system  described  by  the  same  mathe¬ 
matical  form  provided  that  the  parameters  and  initial 
conditions  of  Equation  <8.2. 1.1)  are  proportional  to  those 
of  the  system. 

Conversely,  if  an  arbitrary  rystem  can  be  maue  to  i>er- 
form  in  accordance  with  specified  equations,  it  follows  that 
the  activity  of  such  a  system  will  be  analogous  to  that  of 
any  other  system  defined  by  the  same  equations.  The  elec¬ 
tronic  analog  computer  represents  such  an  arbitrary  sys¬ 
tem. 

8.2.1. 2  FUNCTIONAL  CHARACTERISTICS.  Electronic 
unslog  computers  contain  electronic  components  that  ac¬ 
curately  simulate  the  mathematical  operations  of  addition, 
integration  with  respect  to  time,  multiplication  by  a  con¬ 
stant,  and  the  multiplication  of  variables. 

Additional  components  snd  techniques  provide  means  of 
simulating  a  variety  of  non-linearities  as  well  as  the  capa¬ 
bility  of  generating  arbitrs  y  functions  ol  variables.  The 
computer  components  perform  these  operations  on  volt¬ 
ages.  A  multiplier,  for  example,  produces  at  its  output  a 
voltage  variation  proportional  to  the  product  oi  the  volt¬ 
age  variations  applied  to  its  input  terminals.  The  voltage 
variations  at  the  outputs  of  the  various  components  are 
related  to  the  variables  of  the  system  under  study  through 


constant*  el  proportionality  known  as  seal#  factors.  V 
example,  in  tha  procota  of  solving  differential  aquations 
two  integrators  might  bo  connected  in  a  tandom  arrange¬ 
ment  such  that  tha  output  of  the  first  integrator  aorvoo  as 
the  tap -it  to  the  second.  Typically,  tho  output  of  tho  first 
integrator  represents  ihe  velocity  of  a  variable,  while  tho 
output  of  the  aoc'-nd  integrator  represents  tho  displace¬ 
ment  of  that  variable.  Roth  outputs  are  in  mality  voltages, 
end  each  voltage  ic  related  to  Its  corresponding  variable 
in  the  physical  system  through  scale  factors.  Ton  volts  at 
tha  output  of  tho  first  integrator  might  correspond  to  five 
fejt/second  velocity,  while  ten  volts  at  the  output  of  tho 
second  integrator  might  correspond  to  a  twenty  foot  dis¬ 
placement.  Tho  scale  factor  in  this  example  would  in  “2 
voltr  per  foot/ second”  and  “0.8  volts  per  foot,”  respectively. 

Tho  inputs  and  outputs  of  all  components  are  terminated 
in  a  central  location  whore  they  are  interconnected  In 
accordance  with  tha  equations  that  describe  a  system.  The 
computer  than  becomes  an  electronic  modal  of  the  system. 
When  it !«  excited  by  the  appropriate  application  of  initial 
conditions  and  forcing  functions,  all  elements  of  (ho  com¬ 
puter  mmultanDOHtlp  and  coatmaoNa/y  react  in  a  manner 
analogous  to  that  of  the  system.  The  variables  of  interest 
can  bo  plotted  either  as  functions  of  time  or  as  functions 
of  each  other.  Thus,  the  user  is  provided  with  an  imma 
diate  display  cf  the  system  activity  and  is  aided  tannest  lr- 
ably  in  developing  a  fool  for  tho  system  operation. 

When  programming  tho  analog  computer,  one  has  tho 
option  of  speed*  Ag  up,  slowing  down,  or  equating  the  speed 
of  the  computer  Dotation  with  respect  to  the  time  response 
of  the  physical  system.  Th.s  Is  known  ax  time  scaling  the 
problem.  In  principle,  the  choice  of  a  time  scale  is  arbi¬ 
trary.  In  practice,  however,  it  is  xoverned  by  a  number 
of  considerations  such  as  the  natural  frequencies  of  the 
system  comps  rod  with  the  frequency  limitations  of  the 
computer  components  and  recording  equipment.  Once  the 
time  scale  is  chosen,  the  speed  of  solution  is  independent 
of  the  system  complexity.  Thus,  the  system  equations  can 
be  modified  at  will  without  affecting  the  time  required  to 
obtain  s  solution. 

8. 1.1. 3  ACCURACY.  The  accuracy  of  the  nuulog  computer 
represents  its  most  significant  limitations;  within  the  cui- 
rent  state-of-the-art  it  is  limited  to  0.01  percent  of  the 
full  scale  voltage  range  of  t  .o  computer.  (In  this  section, 
accutacy  will  always  be  expressed  as  a  percentage  of  full 
scale  voltage  range.)  Most  computers  have  a  voltage  range 
of  +-  100  volts,  which  is  more  than  adequate  for  a  majority 
of  engineering  applications;  but  experience  has  shown 
that  the  accuracy  that  can  be  obtained  realistically  ranges 
from  0.1  to  10  percent,  depending  upon  the  complexity  of 
the  problem.  In  reference  t<>  accuracy  it  has  been  said  that 
analog  computers  are  to  differential  equations  what  the 
slide  rule  is  to  arithmetic.  And,  as  the  slide  rule  is  re¬ 
placed  by  a  desk  calculator  when  more  accuracy  is  re¬ 
quired,  the  analog  computer  is  replaced  by  a  digital  com¬ 
puter. 

It  should  be  understood,  however,  that  extreme  accuracy 
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U  not  the  primary  objective  in  the  use  of  analog  com¬ 
puter*,  nor  ia  It  always  necessary.  Frequently  these  com¬ 
puters  are  used  in  the  analysis  of  problems  iti  which  pa¬ 
rameter  data  art*  not  accurate  to  more  than  a  few  percent 
If  the  accuracy  obtainable  is  not  sufficient  for  a  particular 
pro! ’em,  analog  computers  are  useful  for  obtaining  fast 
qualitative  results,  or  for  detei  .ninin<,  approximate  pa¬ 
rameter  values,  the  problem  then  can  be  programmed  on 
a  digital  compu.er  to  ohtain  the  required  accuracy. 

8.2.2  Analog  Computer  «U>mponent» 

8. 2.1.1  Linear  Components.  Four  linear  components  —  tho 
operational  ampllflei,  summer,  integrator,  and  coefficient 
potentiometer  are  discussed  as  follows: 

1)  The  Operational  Amplifier.  The  heart  of  the  analog 
compute*  is  the  operational  amplifier.  It  Is  a  high  gain, 
direct-coupled  amplifier  with  high  input  and  low  output 
impedance  characteristics.  When  connected  with  passive 
input  and  feedback  impedance  elements  as  shown  in  Fig¬ 
ure  H.2.2.ta,  the  input-output  relationship  is  given  by* 

^Eq  8.?. 2.1) 


where  a.  *“  output  voltage 

e,,  e,, . . .  “  input  voltageo 

Zr  w  feedback  impedance 
Z„  Z,, . . .  —  Input  impedances 
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The  significant  features  expressed  in  Equation  (8.2.2.1) 


.»)  'I  he  output  is  a  negative  function  of  the  snm  of 
the  input  terms. 

!')  The  mathematical  relationship  of  the  output,  with 
respect  to  the  inputs  is  determined  by  the  nature 
of  the  input  and  feedback  impedances. 

c)  The  accuracy  of  the  amplifier  is  determined  by  the 
accuracy  of  the  impedances. 

The  * '-curacy  of  the  components  is  typically  0.01  percent, 
estsblishtn  the  highest  possible  accuracy  of  the  computer. 

2)  Tike  Summer.  When  resistors  are  used  as  both  in;iut 
and  feedback  elements,  as  shown  in  Figure  8.2.2.1b,  the 
operational  amplifier  becomes  a  summer.  The  feedback  re¬ 
sistor,  R(,  is  common  to  all  inputs,  and  the  gain  of  each 
input  is  determined  by  tho  value  of  the  resistor  associated 
with  that  input.  The  number  of  inputs  and  variety  of 
gains  available  in  a  summer  anplifle-  are  usually  fixed 
for  a  given  computer.  A  typical  computer  might  provide 
four  unity-gain  inputs  nnd  three  ten-gain  inputs  per  am¬ 
plifier,  with  means  provided  for  adding  additional  input 
resistors  should  they  be  required.  The  notation  used  for 
indicating  summer  amplifiers  on  .computer  diagrams  ia 
shown  in  Figure  8.2.2. ’c. 


-i.oM 


Figure  8.2.2.1b.  Simplified  Diagram  of  a  Summer  Amplifier 
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Figure  8.2.2  la.  Operational  Amplifier  with  Passive  Input  and 
Feedback  Impedances 


•  Equation  ( 8.2.2. 1)  it  a  d*  Wed  relationship  for  which  Approximating 
assumptions  arc  made.  Errors  aiaociated  with  these  assumption*.  however, 
sn  necliffihle  whan  compared  with  the  accuracy  limitations  of  the  im¬ 
pedances. 


Figure  8.2.2  1c.  Computer  Diagram  Notation  for  n 
Summer  Amplifier 

3)  The  Integrator.  When  >  capacitor  is  used  as  a  feed¬ 
back  element,  the  output  is  the  integral  with  respect  to 
time  of  the  sum  of  the  inputs,  os  shown  in  Figure  8.2. 2. Id. 
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Figure  • Jh2  Id.  Simplified  Diagram  of  an  Integrating 
,  Amplifier 


Thus  tb\,  pTjea^at-t  of  integration  rind  addition  lw  com¬ 
bined  in  one  unit.  A  r  ’ven  computer  will  generally  have 
the  wni  m<mher  of  tnputa  and  faint  for  the  Integrator 
smptHera  at  provided  for  the  summer  amplifisrs.  In  ad¬ 
dition  to  the  function  tnputa.  proviriona  are  made  for 
applying  initial  condition  voltage*  to  each  integrator.  The 
diagrammatic  notation  for  an  integrator  i*  ahc  n  in  Fig¬ 
ure  8.2.2. 1*. 


c  *te* 
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Figure  U.2.1*.  Computer  Diagram  Notation  for  an 

AmidUlae 
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4)  The  Cori'icitnt  P  >t*ntiuihftrr.  The  multiplication  of 
voltage*  by  a  conatant  leaa  than  one  ia  obtained  througl 
the  use  of  a  high  resolution  voltage  d.r’dlng  potentiometer 
(cc  nmonly  referred  to  aa  a  coefficient  potentiometer),  ae 
shown  in  Figure  R.2.2.1T.  These  potentiometers  are  usually 
ten-turn  devices  capable  of  r.  resolution  of  about  one  part 
in  ten  thousand. 

Figure  8.2.2. lg  illustrates  how  coefficient  potentiometer! 
can  be  cumbinnl  *vith  amplifier  ga'na  tc  achieve  multipli¬ 
cation  by  arbitrary  constanta. 

8.2.M  NON-LINKAK  DEVICES.  Four  non-linear  devices 
—  multipliers,  resolvers,  function  generator!,,  and  relay 
amplifiers  are  discussed  an  follows: 

1)  Multiplier s.  There  are  three  types  of  multipliers  in 
common  uso  today:  the  nervomultiplier,  the  timo-dlvision 
multiplier,  and  the  quarter-square  multiplier. 

The  servomultiplier  is  an  electro  mechanics',  device  illus¬ 
trated  schematically  in  Figure  8.2.2.2a.  The  wipers  of 
several  potention'-o»  -*  are  fixed  to  a  common  shaft  n„  that 
their  mechanical  positions  are  always  aligned.  The  shaft 
is  positioned'  by  a  servomechanism  to  correspond  to  one  of 
the  variables,  x,  and  if  voltages  y,  are  applied  across  the 
multiplying  potentiometers,  the  outputr  will  oe  propor¬ 
tional  to  xy>.  One  of  the  potentiometers  is  used  as  a  feed¬ 
back  element  to  convert  shaft  position  into  a  voltage  for 


Figure  g  2.2. If.  Schematic  of  a  Coaff  lent  Potentiometer 
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cwiparlwm  with  the  input  v-dtage  x.  Any  difference  be¬ 
tween  the  x  input  and  the  volt***  at  th«  wiper  of  the 
feedback  potentiometer  amplified  and  fed  to  the  serve 
motor  to  drive  the  »e  romecharlsm  to  a  null.  The  ser-o- 
multiplier  has  servere  frequency  avid  .ate  limitations  as 
aoriated  erith  the  furct'^.f  applied  to  the  servo  amplifier 
input.  Multipliers  that  use  60  epa  motors  are  usually 
limited  to  a  frequency  response  of  It.  is  than  one  cycle  per 
second,  and  thoac  that  uaa  400  cps  motors  are  good  to 
frequencies  the*  approach  SO  cycles  per  oerond.  The  chief 
advan-agea  of  the  aervomultiplier  are  (1)  several  prod¬ 
ucts  ca..  be  obtained  with  one  variable  with  a  single  com¬ 
ponent,  and  (8>  high  accuracy  types  are  capable  of  up  to 
0.08  percent  accuracy  and  resolution  when  the  frequency 
nnd  rate  limitations  of  the  x  input  ore  maintained. 

Both  the  tic?*  division  and  quarter-square  multipliers  are 
all  electronic  Oevtoas,  and  are  useful  at  problem  frequencies 
rengivjr  front  <Lc.  vo  an  excess  of  800  cycles  per  second. 
The  accuracy  if  electronic  multipliers  depends  upon  a  num- 
Ui  of  con  si  0s  rati  jos  that  are  beyoru  the  scope  of  this 
section.  Ii.  general,  tSa  accuracy  available  varies  from  0.05~ 
to  about  f  percent,  depending  primarily  upon  the  frequency 
charnctoristka  of  iM  iuput  variablea.  A  significant  advan- 
Wj»  of  aketreuto  multipliers  is  that  they  can  usually  be 
jonvertod  to  function  dividers  through  the  opera  tier,  of  a 
coot  jJ  switch.  The  diagnamatL-  :  rtatixs  for  oloctronic 
multipliora  is  shown  in  Figure  liiit 


F^pwa  8.2.2.2b.  dapremmatk  Notation  for  Electronic 

urapwri 

8)  Kesoivttr*.  The  resolver  is  a  device  used  for  eoordins  c 
transformationr  and  the  genet  ..tion  of  the  sine  and  cosine 
of  angles  of  dependent  variables.  It  can  perform  polar-to- 
rectangular  transformations  or  rectsngular-to-polar  trans¬ 
formations  depending  upor  the  setting  of  a  control  switch. 
When  resolving  vectors  into  rectangular  coordinates,  the 
iuputa  arc  the  vector  magnitude,  ft.  and  angle,  #,  the  out¬ 
puts  are  ft  sin  •  and  ft  cos  I.  When  performing  rectangular- 
to- polar  transformations,  the  inputs  are  the  rectangular 
coordinates  ic  and  y,  and  the  outputs  are  the  vector  magni¬ 
tude  ft  an-1  angle  4. 

bieaolvsrr  «  multipliers,  are  either  electromechanical  or 
all  elect  •  e.i.d  have  perf  rmnnee  characteristics  similar 
to  the!  ti plier  counterparts. 


3)  F.iitc  ion  Genrmtnra.  It  is  frequently  necessary  to  be 
able  t>  xvmui  ate  functions,  based  upon  empirical  data  which 
cser.ot  be  generated  by  conventional  analytical  techniques. 
A  so.  analytical  functions  or  rationally  arise  that  require 
..nnulatinn  by  an  excessive  number  of  computer  components. 
Function  gene.~al.orn  are  devices  tl  i  l.ave  been  developed 
to  handle  these  situations,  and  thus  extend  the  versatility 
of  the  analog  computer  Like  multiplier*  and  revolvers, 
there  **•.  two  cT  function  generators  in  common  use 

today,  electromechanical  and  electronic. 

The  clectrotneclia>ural  function  generator  is  simply  a  servo- 
multipt’or  unit  with  one  or  more  tapped  potent  .ometers  in 
place  of  ordinary  multiplying  potentiometers.  The  principle 
of  the  tapped  sirvofunction  generator  is  illustrated  <n 
Figure  8.2.2.8c.  Up  to  twenty  or  more  equally  spared  taps 
are  provided  on  a  multiturn  potentiometer  that  is  fixed  to 
the  same  shaft  as  the  feedback  potentiometer.  By  applying 
arbitrary  voltages  to  these  tap*,  a  sequence  of  strain' t  line 
segments  can  be  made  to  cpproximaL  a  desired  function. 
As  the  servomultipller  unit  U  positioned  by  the  input  func¬ 
tion,  x,  the  output  tracks  the  programmed  function,  fix). 


'*iii 
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figure  8.2.2.2c.  Schematic  «<  a  Tapped  Servo  Function 
Generator 

(Vc'tages  proportional  to  yi,  y> .  . .  ore  applied  to  the  Ups  on  the  func¬ 
tion  generating  potent  iome‘er,  As  the  arm  or  the  function  potonHometer 
Is  po.-  ‘tione  1  in  proportion  to  x,  (he  function  y  ■»  tin)  is  apr  •nxlmated 
Py  a  sequence  ot  straight  line  segments,  ss  shown  at  the  rig •  .) 
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The  all  electronic  dl«H«  function  generator,  DPG,  allows 
an  arbitrary  function  to  ba  represented  by  a  aeries  of 
atreight-iine  tegmenta.  It  employa  died#  network*  to  change 
the  slope  from  one  segment  to  the  next  as  the  Input  volt¬ 
age  proportional  to  the  Independent  variable  is  increased. 
Hence,  the  same  general  techniqv<  of  straight  line  segment 
approximations  to  the  actual  function  is  used  In  DFG'a  as 
in  tapped  aervef unction  ‘•tntrutfn.  The  frequency  char¬ 
acteristics  of  diode  function  generators  and  tapped  servo- 
function  generators  are  similar  to  thoae  of  elactronic  multi¬ 
pliers  and  servomultipliers,  respectively. 

4)  Relay  Amplifier s.  Relay  amplifiers,  also  known  as  com¬ 
parator  amplifiers  or  differential  relays,  are  high  speed 
relays  driven  by  high  sensitivity  difference  amplifiers  that 
make  it  poesibie  to  perform  switching  operationr  based 
upon  the  accurate  comparison  of  voltages.  These  unite 
usually  have  relay  throw  times  of  less  than  one  iliisecond 
a. *d  are  capable  of  sensing  the  difference  of  two  voltages 
to  within  ten  or  twenty  millivolts.  The  relay  contacts  are 
usually  double-pole,  double-throw,  as  shown  in  Figure 
8. 2. 2. 2d. 
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Figure  8.2.2, 2d.  Relay  Amplifier 

The  principle  of  operation  is  quite  simple.  As  long  as  the 
input  voltages  e,  and  e:  ert  ,;iuch  that  (e,-e.)  is  algebraically 
less  than  zero,  the  relay  is  de-ener  rsxed,  and  the  relay  con¬ 
tacts  are  in  the  normally  closed,  N.O.,  position.  When  ie,-ei) 
becomes  greater  than  zero,  the  relay  is  energized,  and  the 
contact:'  are  switched  to  the  normally  open,  N.O.,  positJon, 

Relay  amplifiers  make  it,  possibie  to  ner'.orm  a  number  of 
logical  operations  on  the  analog  compote  For  example, 
if  it  is  necessary  to  ..atisfy  the  relationships 

y  f,  ( x  )  :  e,  <  e- 

v  f.(x)  :  e,  >  e. 

this  is  readily  accomplished  by  comparing  e,  witn  e,,  as 
shown  in  Figure  8. 2. 2, 2d.  The  function  f, (x)  is  applied  to 
»  nor  nally  closed  contact  of  the  relay,  and  f.-(x)  to  a  nor¬ 


mally  open  contact.  As  long  aa  «,  la  algebraically  lass  than 
e<,  the  relay  is  de-energised  end  f,  (x)  is  coupled  to  tha  relay 
arm.  When  e!  exceeds  St,  tha  relay  ie  energised  and  f.(x) 
is  coupled  to  the  relay  arm. 

8.2. 2.3  OUTPUT  DEVICES.  Three  output  devices  —  volt¬ 
meters,  recorders,  and  plotters  —  are  described  as  follows: 

1)  Voltmetere.  Voltmeters  serve  the  purpose  of  monitoring 
problem  variables  throughout  the  computer.  They  are  used 
for  setting  coefficient  potentiometers,  setting  initial  condi¬ 
tion  voltages  on  integrators,  rending  final  varies,  etc.  Four 
place  digital  voltmeters  are  widely  used  in  order  to  meet 
resolution  and  precision  requirements  commensurate  with 
the  computer  accuracy,  although  some  computers  use  con¬ 
ventional  d'Arsonval  movements  in  conjunction  with  a  four 
place  reference  nulling  device.  The  outputs  of  the  computer 
components  are  connected  to  ibn  voltmeter  through  ufl  ad¬ 
dress  selector  system  that  consists  of  pushbutton  or  rotary 
selector  switches. 

2)  Recorder*.  A  paper  strip-chart  recorder  plots  the  prob¬ 
lem  vm-iables  against  time.  In  the  recorder,  paper  ie  drawn 
at  constant  speed  under  pens  which  are  deflected  in  propor¬ 
tion  to  the  variables  being  recorded.  Normally  six  or  eight 
channels  are  available,  depending  upon  the  model,  allowing 
a  number  of  voltages  to  be  recorded  side-by-side,  simulta¬ 
neously.  Each  channel  baa  many  sensitivity  ranges  permit¬ 
ting  both  targe  and  small  voltage  variations  to  be  accom¬ 
modated  with  the  same  relative  accuracy.  The  frequency 
response  of  recorders  is  usually  flat  out  to  SO  to  60  cycles 
per  second.  Resolution  limitations  allow  interpretation  m 
no  better  than  two  percent  of  full  scale,  the  recorder  is  used 
primarily  to  obtain  qualitative  results. 

3)  Plotter s.  When  higher  resolution  and  accuracy  than 
can  be  cbtained  with  recorders  are  required,  An  XY  plotting 
table  is  used.  It  allows  any  two  problem  variables  to  he 
plotted  against  each  other,  usually  on  11  x  17-inch,  graph 
paper.  Plotters  employ  a  dual  servo  system  to  drive  a  pen 
along  an  am  in  the  Y  direction,  and  the  arm  in  the  X 
direction  A  number  of  aeneitivitiea  are  available,  allowing 
large  and  small  voltage  variations  to  b»  recorded  with  equal 
accuracy,  t  oe  static  accuracy  ot  plotters  is  approximately 
0.1  percent,  but  they  are  limited  to  deflection  rates  of  ten 
to  fifteen  inchss/r'cond. 

8.2.3  Applications 

8.2.S.1  SOLUTION  OF  ORDINARY  DIFFERENTIAL 
EQUATIONS.  Analog  computers  are  frequently  used  in 
applications  loat  involve  the  study  of  dynamic  systems 
described  by  linear  or  non-linear  ordinary  differential  equa¬ 
tions  with  constant  or  time  varying  coefficients.  They  are 
naturally  suited  for  this  application  because  of  the  inte¬ 
grator. 

Linear  Differential  Equations.  To  illustrate  tbs  technique 
employed  in  solving  ’inear  differential  equations,  consider 
the  second-order  differential  equation 
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d-y 


+ 


h*L 

dt 


t-  ty 


(Lq  8.2.3.1a) 


%  (t) 


The  first  step  is  to  solve  the  equation  for  the  highest  order 
der.vative,  thus 


d-y  _ 
dt- 


(Eq  8.2.3.1b) 

b  dy  c 

a  dt  a  y 


Equation  (8.L.3.)b)  is  then  integrated  directly  to  obtain 
tl  e  first  derivative  in  *ho  implicit  form 


(Eq  8.2.3.1c) 


b  dy  c  ~| 
a  dt  a  yJ 


dt  ,  %  (0) 


The  computer  diagram  for  the  solution  of  Equation 
(8.2.3.1c)  is  shown  in  Figure  8.2.3.1a.  The  first  derivative 
is  formed  by  integrating  the  sum  of  the  terms  indicated  in 
Equation  (8.2.3.1b),  and  the  function  y  is  formed  by  inte¬ 
grating  the  lirst  derivative.  The  variable  y'  and  its  first 
derivative  are  then  multiplied  by  the  appropriate  coeffi¬ 
cients  and  added  with  the  forcing  function  at  the  input  to 
the  first  integrator,  resulting  in  a  closed  loop  system  tbit 
simulates  the  original  equation. 

Four  fundamental  points  worth  noting  are : 

1)  The  solution  process  is  based  upon  the  repeated  integra¬ 
tion  of  derivatives  to  obtain  the  dependent  variable,  rather 
than  the  more  straightforward  process  of  assuming  the 
variable  and  repeatedly  differentiating.  From  a  mathe¬ 
matical  point  of  view,  either  technique  is  val'd.  However, 
from  an  engineering  point  of  view  the  process  of  differen¬ 
tiation  has  a  serious  drawback.  Differentiation  is  a  noise 
amplifying  process  and,  since  ail  electronic  equipment  un¬ 
avoidably  generates  random  noise,  the  noise,  however  slight, 
would  be  amplified  by  the  differentiation  process.  Integra¬ 
tion,  on  the  other  hand,  is  a  smoothing  ;  d  averaging 
process,  and  minor  noise  effects  are  minimized. 

2)  The  second  derivative  does  not  appear  explicitl;.  in  the 
solution  shown  in  Figure  8.2.3.1a,  but  can  be  formed  ex¬ 
plicitly  as  indicated  in  Equation  (8.2.3.1b)  and  shown  <ii«- 
grammath  ally  in  Figure  8.2.3.1b.  In  doing  so  two  extra 
amplifiers  are  required.  It  is  general  practice  to  attempt 
to  minimize  the  number  of  amplifier  ,  in  a  computer  setup 
in  order  to  conserve  equipment  and  minimise  sources  of 
error.:,  in  the  programming  and  solution  of  a  problem.  As  a 
result,  the  highest  order  derivative  is  formed  implicitly, 
as  indi'-ated  in  Figure  8.2.3.1a,  unless  it  is  required  else- 
w  here  in  the  solution  or  is  to  be  recorded. 

3)  The  sign  inve  ting  characteristics  of  the  amplifiers  must 
alway*.  be  kept  in  mind  when  preparing  the  computer 
diagram. 


•  C.-  gf(o)  I.C.=  y(o) 


Figure  8.2.3.1a.  Analog  Computer  Schematic  for  Solving 
Equation  (8.2.3. 1c)  by  Solving  for  the 
First  Derivative  Implicitly 


!.C.=  ^fo) 
? 


Figure  8.x. 3. lb.  Analog  Computer  Schematic  for  Solving 
Equation  (8.2.3.1b)  by  Solving  for  the 
Second  Derivative  Explicitly 


4)  The  analog  computer  shou’d  be  regarded  as  a  readdy 
manipulated  model  of  the  physical  system  being  studied. 
The  system  coefficients  and  parameters  generally  occur  as 
settings  of  coefficient  potentiometers  that  are  easily  changed 
between  solutions.  An  important  advantage  of  using  analog 
computers  is  the  instantaneous  communication  that  exists 
between  the  user  and  the  computer.  The  response  of  the 
important  system  variables  is  immediately  and  simulta¬ 
neously  displayed  on  the  recorder.  For  example,  if  the  prob¬ 
lem  solution  indicates  that  the  damping  is  incorrect,  the 
potentiometer  representing  damping  is  readily  changed  and 
a  new  solution  started.  It  is  possible  to  optimize,  modify, 
or  test  physical  systems  rapidly  and  economically. 
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Non-Linear  Differential  Equation*.  Non-linear  differentia! 
equations  arise  in  nearly  every  ohuae  of  engineering  de¬ 
sign  Because  -'f  the  severe  difficulty  of  obtaining;  solutions 
to  most  non-linear  problems,  methods  of  analysis  and  syn¬ 
thesis  generally  emphasize  the  use  of  linear  approximations 
that  can  be  solved  by  conventional  means.  Unfortunately 
this  leads  most  engineers  to  distrust  non-linearities,  when 
actually  t*-.1  deliberate  incorporation  of  non-linearities  can 
often  result  in  significant  improvements  in  system  per¬ 
formance,  or  in  n  reduction  in  hardware  complexity.  Al¬ 
though  the  analytical  treatment  of  a  particular  t.on-linear 
system  may  only  be  Approximated,  the  analog  computer 
can  readily  be  programmed  to  simulate  it  directly;  thus  it 
can  often  he  used  to  investigate  the  possible  advantages  to 
be  gained  by  deliberately  introduc  Ing  non-linear  phenomena 
into  systems. 

1  .  illustrate  the  ease  with  which  non-linearities  can  be 
handled,  consider  a  spring-mass  system  with  a  non-linear 
spring  that  has  a  restoring  force  given  by 

F  -  Ax  *  Bx '  (Eg  8.2.3.  Id) 

The  system  equation  is  described  by 

(Eg  8.2.3.  le) 

Mx  +  bx  +  Ax  f  Bx‘  -  f (t) 

The  computer  diagram  for  this  solution  is  shown  in  Figure 
8.2  U.lc;  the  only  requirements  being  two  multipliers  tc 
generate  the  x‘  term  for  the  solution. 

While  in  principle  it  is  a  simple  matter  to  include  non- 
linearities  in  the  computer  setup  of  a  problem,  thought  and 


care  must  be  exercised  in  order  to  arrive  at  valid  results. 
Complex  problems  often  require  an  evolution  of  setups  in 
order  to  minimize  sources  of  error,  because  the  computer 
components  are  not  perfect.  For  instance,  multipliers  do 
not  always  yield  the  true  product  of  two  voltages,  and 
operational  amplifiers  (hence,  summers  and  integrators) 
have  finite  bandwidth  limitations  and  phare  shiic  charac¬ 
teristics  that  vary  with  frequency,  often  causing  computer 
instabilities. 

8.2.S.2  ANALYSIS  OF  FEEDBACK  CONTROL  SYS¬ 
TEMS.  Analog  computers  are  used  extensively  in  the  anal¬ 
ysis  and  design  of  feedback  control  systems.  The  general 
technique  employed  is  to  simulate  the  block  diagram  of  the 
control  system  directly  un  the  computer,  using  special  im¬ 
pedance  networks  in  conjunction  with  operational  ampli¬ 
fiers  to  simulate  the  mdividuai  transfer  functions. 

The  control  system  diagram  shown  in  Figure  8.2.3.2a  in 
Laplace  transform  notation  illustrates  the  use  of  com¬ 
puters  in  control  system  analysis.  The  difference  device  ct 
the  input  can  be  obtained  by  using  an  operational  ampli¬ 
fier  as  an  adder  The  transfer  function  Gi(s)  is  simulated 
by  using  a  resistor  and  capacitor  in  parallel  in  the  feed¬ 
back  path  of  an  operational  amplifier,  as  shown  in  Figure 
8.2.3.2b.  (Recall  that  the  transfer  function  of  an  opera¬ 
tional  amplifier  is  determined  by  the  ratio  of  the  feedback 
impedance  to  the  input  impedance.)  The  Laplace  notation 
for  the  feedback  impedance  in  Figure  6.2.3.2a  is 

7"<«>  -  SrTTTT  <Eqa-Z3-2*> 

and  the  input  impedance  is  simply  Rr.  Hence  the  amplifier 
transfer  function,  including  the  effect  of  the  input  poten¬ 
tiometer  is 


i.c.  i.c. 


e„ 

®  i » 


(Eg  8.2.3.2b) 


3 y  making 


<■  R, 
R, 


proportional  to  K,.  and  UrC  proportional 


io  T,,  ihe  amplifier  can  be  made  to  simulate  G,(s). 


The  computer  diagram  for  the  simulation  of  the  feedback 
control  system  shown  in  Figure  8.2.3.1c  is  given  in  Figure 
8.2.3.2c.  The  system  time  constants  and  gains  occur  as 
potentiometer  settings,  making  it  a  simple  matter  to  ad¬ 
just  the  important  parameters  in  order  to  optimize  the 
system  performance.  The  transfer  function  G.-(s)  is  di¬ 
vided  into  two  circuits,  in  order  to  obtain  t.he  rate  feed¬ 
back  term,  C,  explicitly  rather  than  have  to  differentiate 
the  output,  C.  As  noted,  differentiation  is  to  be  avoided 
whenever  possible  because  of  its  noise  amplifying  ch»»- 
acteristics. 


Figure  8.2.3.1c.  Computer  Solution  for  the  Non-Linear 
Differential  Equation 
M  !i  +  b  x  +■  Ax  +  Ox1  =  f(t) 


A  number  of  non-linear  characteristics  encountered  in  con¬ 
trol  systems,  such  as  saturation  and  deaazone  effects,  are 
dependent  upon  signal  amplitude  Biased  or  zener  diodes 
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are  commonly  used  u.  simulate  these  effect*.  Figure  8.2.3. 2d 
•how*  how  sener  diodes  can  bo  uwd  in  tho  input  'n.pvd- 
UK«  of  an  amplifier  to  aimulato  deadsone  effect*.  For  in¬ 
put  voltage*  With  magnitude*  leas  than  the  breakdown 
voltage  of  the  diodea,  the  diodea  act  aa  open  circuit*,  and 
the  output  remain*  at  aero.  When  tne  breakdown  voltage 
of  the  diode  i*  exceeded,  it  acta  aa  a  ahort  circuit  and  the 
amplifier  acts  aa  an  inverter. 


*u 


•» 


v- 

*m|— 

•t 

MM  »  » 

>*i 

-N 

4-XOX  - 

Figure  8.S  3.2e  ahowa  how  xener  diodes  can  be  uaed  in  the 
feedback  circuit  to  aimulate  saturation  effect*.  As  long  a* 
the  output  voltage  is  leas  than  the  breakdown  voltage  of 
the  diode*,  they  act  as  an  open  circuit  and  the  output  fol¬ 
lows  the  input  in  a  linear  manner.  When  the  breakdown 
voltage  i*  exceeded,  the  output  is  clamped  at  a  potential 
equal  to  the  breakdown  voltage. 

The  above  example*  illustrate  only  the  principles  involved 
in  the  simulation  of  discontinuous  non-linearities.  The 
actual  circuits  employed  and  the  errors  that  might  be 
introduced  are  discussed  at  length  in  the  referencea  listed 
at  the  end  of  Section  8.0. 

8.2.S.3  SOLUTION  OF  4LGEBRA1C  EQUATIONS.** 
The  solution  of  systems  of  linear  algebraic  equations,  and 
related  problems  such  as  the  determination  of  eigenvalues, 
matrix  inversion,  and  matrix  multiplication,  are  mo«t 
naturally  handled  oy  digital  techniques.  The  analog  com¬ 
puter  can  be  used  successfully  if  the  number  of  equations 
is  not  too  large  and  if  the  precision  requirements  do  not 
exceed  1  percent.  If  these  conditions  exist,  analog  com¬ 
puters  are  faster  to  program,  and  produce  results  more 
rapidly,  (usually  in  less  than  one  second)  than  digital 
computers.  Analog  computers  are  particularly  useful  if 
the  matrix  coefficients  are  to  be  varied  because,  as  is  gen¬ 
erally  tne  case  in  analog  computation,  the  coefficients  occur 
as  potentiometer  settings,  and  car.  b**  rapidly  changed  be¬ 
tween  solutions. 


Flgur*  8.2.3.28.  Operational  Amplifier  Circuits  Illustrating 
Techniques  Deed  for  Simulating  Peedione 
Effects 

(The  circuit*  shown  here  damonstratv  th*  principal*  Involved,  and  ant 
not  realistic.  See  text.) 


Figure  *.2.3.2*.  Operational  Amplifier  Circuits  Illustrating 
Techniques  Used  for  Simulating  Saturation 
Effects 

(The  circuit*  shown  hara  demonstrate  the  principals  involved,  and  ara 
not  raalistic.  See  (ext.) 

which  can  be  examined  in  two  steps.  The  first  step  is  to 
sugmt  it  the  system  of  equations  by  adding  a  first  deriva¬ 
tive  column  vector.  This  results  in  the  set  of  differential 
equations 

(Eq  8.23.3d) 

x.  -I-  a,,x,  +  a,.x2  +  a,:,x;,  --  b, 


When  programming  algebraic  problems  for  solution  on 
the  analog  computer,  it  is  necessary  to  exercise  consider¬ 
able  care  in  order  to  prevent  instability  —  not  because  of 
the  mathematical  r  ature  of  an  algebraic  problem,  but  be¬ 
cause  of  -he  frequency  and  feedback  characteristics  of  the 
analog  computer  amplifiers  A  general  technique  has  been 
developed  which  will  circumvent  these  difficulties  and  as¬ 
sure  the  stability  ef  the  solution;  however,  it  requires  an 
excessive  number  of  components. 

To  illustrate  the  use  of  this  technique,  consider  tte  follow¬ 
ing  system  of  equations 

a,,x,  +  a,-x..  1  a,,x,  =  b,  (Eq*.2.3.3a) 

a_.,x,  f  a.Xj  l-  a_.  x,  =  b_.  (Eq  8.2.3.3b) 

aux,  f  a,,x_.  f  a,  x,  ~  b,  (Eq*.2.3.3c) 


'•Rogfra  gnd  Connolly,  Analog  Computation  in  Engineering  l^tnign.  Me* 
G rw w -Hill  Book  Compiny,  I960,  Chap  6. 


(Eq  8.2.3.3a) 

x  -I-  a,.,x,  -f  a,-x_.  +  =  b* 

(Eq  8.2.3. 3f) 

x,  1-  a,,x,  +  a:,,.x,.  +  a:,:,x:)  =  b:1 

The  system  of  differentia)  equations  is  now  solved  and, 
assuming  that  a  steady-state  solution  exists,  the  values  of 
Xi  at  steady-state  will  represent  solutions  to  the  original 
system  of  equations  because  the  derivative  terms  will  have 
vanished. 

In  order  to  assure  a  steady -state  solution,  the  matrix  of 
coefficients  in  the  original  system  of  equations  must  ex¬ 
hibit  the  positive-definite  property.  In  general,  one  cannot 
readiiy  establish  whether  or  not  a  matrix  is  positive- 
definite,  but  this  property  is  assured  if  the  original  matrix 
is  premultiplied  by  the  transpose  of  the  original  coefficient 
matrix  prior  to  the  addition  of  the  first  derivative  column 
vector.  In  matrix  notation,  the  equations  to  be  solved  on 
the  computer  are 
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(x)  +  AT  A  (x)  =  AT  (b) 

where  AT  is  the  transpose  of  the  coefficient  matrix  A. 

The  differential  equations  given  above  are  readily  simu- 
lated  on  the  computer.  The  equipment  required  for  a  set  of  n 
equations  consists  of  (2n*  -f  n)  coefficient  potentiometers, 
(n)  integrators,  and  (2n  4-  p)  summers,  where  p  is  the 
number  ol  inverters  required  to  effect  negative  coefficients 
an.  The  amount  of  equipment  required  is  such  that  most 
general  purpose  analog  computers  would  be  restricted  to 
a  system  of  approximately  eight  linear  equations.  Two  or 
more  computers  can  be  interconnected  through  trunk  lines 
in  order  to  handle  larger  systems  of  equations.  Special 
purpose  electronic  and  analog  computers  have  recently 
been  designed  and  built  for  the  solution  of  matrix  prob¬ 
lems.  Such  a  computer  was  completed  in  1957  by  Electronic 
Associates,  Inc.  and  will  handle  matrices  up  to  14  by  14. 
Solutions  can  often  be  obtained  with  an  accuracy  of  0.2 
percent  and  a  precision  of  three  significant  figures  The 
computation  time  •wquired  for  the  solution  of  simultaneous 
equations  or  for  obtaining  each  column  of  the  inverse  of 
a  matrix  is  approximately  0.1  seconds. 

8.114  REAL  TINE  SIMULATION.  An  important  char¬ 
acteristic  of  analog  computation  is  that  the  computer  can 
be  programmed  to  soWe  the  equations  describing  a  phys¬ 
ical  system  in  real  time;  i.e.,  the  computer  can  be  pro¬ 
grammed  so  that  a  one-to-one  correspondence  exists  between 
the  time  h.story  of  the  computer  variables  and  that  of  the 
physical  system.  This  characteristic  has  been  exploited  for 
a  number  of  applications. 


There  are  occasions  when  a  system  to  be  studied  on  the 
analog  computer  contains  a  non-linear  component  that 
cannot  be  described  with  sufficient  accuracy  by  mathemat¬ 
ical  means.  For  example,  such  a  component  might  have  a 
hysteresis  characteristic  that  varies  with  frequency  and 
amplitude.  It  might  be  possible  to  connect  the  component 
to  the  computer  through  suitable  transducers,  with  the 
remainder  of  the  system  equations  programmed  on  the 
computer.  This  procedure  would  eliminate  the  errors  that 
would  be  introduced  due  cc  an  inadequate  mathematical 
description  of  the  component’s  behavior. 

A  variation  of  this  example  is  when  a  component  or  sys¬ 
tem  is  interconnected  with  the  computer  for  purposes  of 
testing  and  evaluation.  The  operation  of  these  system 
components  may  then  be  observed  in  the  laboratory.  Thus, 
a  computer  can  be  used  to  simulate  the  load  of  an  auto¬ 
matic  control  system  under  test,  or  the  computer  may 
serve  as  a  simulated  controller  operating  an  actual  motor 
and  lead.  The  computer  as  a  simulator  permits  dynamic 
as  well  as  operational  analysis  of  a  system  and  enables 
the  prediction  and  optimization  of  the  performance  of  the 
system  in  the  laboratory. 


8.2.4  Analog  Computer  Systems 

A  comparison  of  several  general  purpose  analog  computers 
with  regard  tc  their  components  and  costs  is  presented  in 
T.ntle  8.2.4.  The  computers  were  selected  at  random ;  selec¬ 
tion  was  not  based  on  superiority  over  other  computers  in 
their  respective  price  ranges. 


Table  8.2.4  Analog  Computers: 
CompoiMnta  and  Coat  Comparison 


COMWHKHTI 

TRIM 

EUECTNONIC 
ASSOCIATES  (EAI) 

TH4S-3 

S3in-s 

■BS2SSH 

APPLIED  DYNAMICS 

32  14 -C  256 

Amplifiers 

Total 

20 

48 

80 

72 

120 

32 

64 

256 

Integrators 

8 

11 

30 

48 

72 

12 

24 

64 

Potentiometers 

Handset 

24 

60 

20 

12 

24 

40 

80 

40 

Servo 

— 

— 

150 

180 

240 

— 

— 

160 

Multipliers 

2 

5 

45 

24 

48 

10 

16 

24 

Reso’.vers 

— 

— 

5 

4 

6 

— 

2 

12 

DFG 

1 

6 

20 

12 

24 

— 

8 

48 

Comparators 

2 

4 

10 

8 

16 

2 

6 

32 

Function  Switches 

2 

5 

20 

24 

32 

4 

2 

80 

Maximum  accuracy 

0.1% 

0.01% 

0.01% 

0.01% 

0.01% 

0.1% 

0.01% 

0.01  % 

Approximate  Cost,  8 

11,000 

30,000 

200,000 

200,000 

2bu,000 

16,000 

47,000 

250,000 

Transistorised,  ±  10  volts 
Vacuum  Tubed,  ±  100  volts 

X 

X 

X 

X 

X 

X 

X 

X 
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Sub-Topics  8.3.1  through  8.3.6  were  adapted  to  the  hand¬ 
book  format  from  a  Mrit-a  of  articlm  by  Dewitt  W.  Cooper, 
in  Mmekint  Detifn,  from  October  11  to  December  8.  DM2 
(Reference*  1-227,  1-230,  1-232,  1-236,  and  l-243\  pub- 
lithed  and  copyrighted  by  the  Pentor.  Publiahing  Com¬ 
pany,  Cleveland,  Ohio. 

1.3.1  httrotfuctkH*  to  the  Digital  Computer 

The  digital  computer  i*  a  diacrete-action  device  which 
operate*  directly  on  number*  according  to  a  eet  of  in¬ 
struction*  introduced  into  the  computer.  Thi*  computer 
offers  extremely  high  speed  and  a  hign  level  of  accuracy. 
Digital  computers  perform  only  the  four  basic  arithmetic 
operations;  however,  methods  of  numerical  analysis  may 
be  used  to  obtain  solutions  to  a  wide  variety  of  compltx 
problems. 

Computers  are  generally  classified  according  to  their 
function.  General  purpose  machines  arc  designed  to  solve 
problems  requiring  s  large  number  of  mathematical  oper¬ 
ations  st  high  speed  and  with  great  accuracy,  and  are 
most  often  used  in  engineering  departments.  Special  pur¬ 
pose  computer*  are  used  to  carry  out  solutions  to  a  specific 
problem. 

8.3.1.!  BASIC  COMPONENTS.  A  digital  computer  system 
can  be  divided  into  four  distinct  sections,  ( Figure  8.3.1 ) : 
1)  storage,  consisting  of  one  or  more  units  if.  which  data 
are  stored,  2)  control  unit,  which  synchronises  mathemat¬ 
ical  operations  and  data  transfer,  3)  arithmetic  unit,  in 
which  mathematical  operations  are  performed,  4)  input 
and  output  equipment. 


Figure  F.3.1. 1.  Main  Steps  Carried  Out  by  a  Digital  Computer 
in  Processing  Information 


Storage.  That  part  of  a  computer  which  most  differentiates 
it  from  a  calculator  (desk-type,  slide  rule,  adding  ma¬ 
chine)  la  its  storage,  or  ‘’memory.’'  A  computer  can  store 
numbsrs,  alphabet  characters,  and  some  special  symbols. 
In  any  calculation  it  is  necessary  to  store  the  numbers 
which  begin  the  calculations,  intermediate  results,  and  — 
at  least  tsmporarlly  —  final  results.  A  desk  ealeu!  itor  has 
a  very  limited  ability  to  store  data;  the  operator  usually 
must  enter  each  number  as  it  is  needed.  On  the  other 
hand,  a  small  computer  (such  as  the  IBM  1G20)  can  store 
20,d00  digits  and  call  them  out  of  storage  whenever  they 
ara  needed. 

Stortd  Programs.  The  ability  to  store  large  amounts  "f 
data  that  art  to  be  used  in  or  have  been  developed  by  cal¬ 
culations  is  only  part  of  the  function  of  storage.  Equally 
important,  the  co  puter  contains  within  storage  the  pro¬ 
gram  for  the  calculations  to  be  performed 

A  program  is  made  up  of  instructions  which  cause  *.he 
computer  to  go  through  the  sequence  of  operations  neces¬ 
sary  to  arrive  at  a  meaningful  result.  A  single  instruction 
may: 

—  Cause  data  to  be  brought  into  storage  from  some 
external  source  such  as  a  card  reader 
—  Cause  a  specified  arithmetic  operation  to  be  per¬ 
formed  on  selected  numbers 
—  Constitute  a  logical  test  to  determine  what  part  of 
the  program  should  be  performed  next 
—  Cause  results  to  be  sent  from  storage  to  a  record¬ 
ing  device  such  as  a  typewriter. 

After  both  the  data  to  be  operated  upon  and  the  propri.n 
which  describes  the  operations  ore  in  storage,  the  com¬ 
puter  is  free  to  proceed  with  a  series  of  calculations  at  u 
speed  ranging  from  69  to  600,000  additions  per  second. 

A  computer  can  change  or  modify  its  own  program.  Since 
the  program  is  stored  in  much  the  stme  form  as  data, 
one  portion  of  a  program  may  be  a  sequence  of  operations 
which  will  examine  another  portion  of  the  same  program 
and  change  it  by  arithmetic  or  logical  manipulations.  Th*s 
means  that  one  set  of  instructions  can  be  used  to  operate 
on  a  number  of  sets  of  data  stored  in  different  locations 
in  storage.  As  each  set  of  data  is  processed,  the  program 
is  changed  to  refer  to  the  next  set  of  data.  In  addition, 
this  feature  allows  the  program  to  be  changed  on  the 
basis  of  conditions  which  arise  during  the  calculations. 
For  example,  suppose  a  calculation  involves  the  evalua¬ 
tion  of 

y  —  x3  for  xSl 
y  ■  —  x5  4x  —  2  for  x  >  1 

At  the  point  in  the  calculations  where  the  value  of  x  be¬ 
comes  greater  than  1,  that  portion  cf  the  program  involved 
iu  the  evaluation  >f  y  can  be  changed  to  use  the  second 
of  the  two  equatiois.  This  change  might  be  accomplished 
by  replacing  one  sot  of  instructions  with  a  new  set  stored 
elsewhere  for  that  purpose,  or  it  could  be  done  by  causing 
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the  computer  to  select  one  of  two  instruction  sequences  on 
the  basis  of  whether  x  is  greater  than  1  or  not  greater 
than  1. 

Addreew*.  To  be  able  to  select  the  item  of  data  or  the  in¬ 
struction  to  be  operated  upon  next,  the  computer  must  be 
provided  with  i  means  of  locating  the  desired  information 
in  storage.  For  this  reason,  storage  is  divided  into  units, 
with  each  unit  identified  by  an  address.  Different  com¬ 
puters  are  designed  with  different  sise  units  of  storage. 
The  basic  unit  may  vary  from  one  decimal  digit  (as  in 
the  IBM  1620)  to  36  binary  digits  (as  in  the  IBM  7000). 
In  other  computers,  units  of  one  alphameric  character 
(that  is,  a  decimal  digit,  letter  of  the  alphabet,  or  special 
character)  or  ten  decimal  digits  are  used. 

Whatever  the  sise  of  the  basic  unit,  each  is  assigned  a 
numerical  address  wnich  identifies  th  location.  Manipu¬ 
lation  of  the  data  sto.ed  in  a  location  is  accomplished 
through  the  use  of  the  address  corresponding  to  the  loca¬ 
tion. 

Control  Unit.  This  unit  causes  the  desired  operations  to  be 
performed  in  the  sequence  spjcified.  It  reads  an  instruc¬ 
tion  from  storage,  examines  it,  and  sets  up  the  circuit  con¬ 
ditions  to  perform  the  operation.  When  these  operations 
are  completed,  the  whole  process  is  repeated. 

Generally,  the  first  operation  to  be  performed  is  manually 
entered  into  the  control  unit  by  the  machine  operator. 
Thereafter  the  action  of  the  computer  is  completely  con¬ 
trolled  by  the  program  in  storage  as  interpreted  by  the 
control  unit. 

Arithmetic  Unit.  This  component  contains  the  circuitry 
which  performs  arithmetic  on  numbers  taken  from  stor¬ 
age.  It  usually  includes  a  limited  amount  of  storage  ii. 
which  to  hold  the  operands  involved  in  the  arthmetic. 

Present  day  computers  use  the  binary  numbering  system 
rather  than  the  more  familiar  decimal  system.  To  store 
and  manipulate  decimal  digits  requires  a  device  capable 
of  assuming  ten  stable  and  unique  states  —  one  state  to 
represent  each  of  the  digits  0  to  0.  While  such  devices  are 
available  (the  notched  wheels  in  a  desk  calculator  are  ar 
example),  they  lack  the  speed  of  operation  and  small  sise 
necessary  for  a  computer. 

Many  electronic  devices  are  available  which  can  assume 
two  stable  and  unique  states.  A  tube,  for  example,  can  be 
conducting  or  non-conducting;  a  magnetic  field  can  have 
clockwise  or  counterclockwise  rotation;  a  pulse  can  be 
transmitted  or  blocked. 

T'ue  computer  designer  has  at  his  disposal  a  number  of  de¬ 
vices  and  techniques  for  operating  a  number  system  with 
the  base  2  —  ths  binary  number  system.  The  rules  for 
uiithmetic  are  also  much  simpler  in  the  binary  number 
system  than  in  the  decimal  system  (base  10).  As  a  result, 
there  are  two  basic  types  of  digital  computers :  one  which 
operates  entire' y  in  the  binary  number  system,  and  an¬ 


other  which  codes  lecimai  digits  as  binary  numbers.  For 
the  latter,  the  decimal  digits  appear  as  their  binary  equiv¬ 
alents: 


Decimal 

Binary 

Decimal 

Binary 

0 

0 

5 

101 

1 

1 

<1 

110 

2 

10 

7 

111 

3 

11 

8 

1000 

4 

100 

» 

1001 

The  user  need  not  be  familiar  with  the  binary  nature  of 
the  computer.  The  computer  is  capable  of  translating  the 
engineer’s  language  to  its  own  before  starting  a  program, 
and  performs  the  reverse  operation  when  communicating 
its  results  to  the  engineer. 

Input  and  Output.  Every  computer  must  have  a  means  for 
communicating  with  the  user.  Typical  input  devices  in¬ 
clude  pun.'hed-card  readers,  papertape  readers,  and  manual 
keyboards.  Card  and  papertape  punches,  typewriters,  and 
printers  are  typical  output  devices.  Magnetic  tapes  and 
magnetic  discs  pro/ide  a  means  of  storing  data  externally 
from  the  computer  in  a  form  which  allows  rapid  re-entry. 

Input-output  devices  are  controlled  by  the  stored  program. 
For  example,  an  instruction  to  read  a  card  will  cause  the 
card  reader  to  start  up,  feed  and  read  one  card,  and  trans¬ 
mit  what  has  been  read  into  storage. 

8.3.1. 2  COMPUTER  LANGUAGES.  A  set  of  instructions 
must  be  coded  before  it  can  be  fed  into  the  computer.  Cod¬ 
ing  is  the  process  of  writing  a  computer  program  in  lan¬ 
guage  that  the  machine  will  understand. 

A  computer  language  generally  consists  of  rules  for  writ¬ 
ing  or  coding  a  problem  —  solution  procedure  and  a  stand¬ 
ard  or  general  purpose  set  of  computer  instructions  for 
translating  or  correcting  the  resultant  code  into  a  special 
purpose  set  of  computer  instructions. 

i 

Types  of  Languages.  Historically,  the  general  development 
of' languages  may  be  listed  in  the  erder  of  their  impact 
and  degree  of  usage: 

Machine  language 
Symbolic  language 
Interpretive  languages 
Compiler  language 
Problem-oriented  languages 

Machine  Language.  This  is  the  least  practical  of  computer 
languages  used  in  coding  problems  for  a  computer.  Its 
only  major  advantage  is  that  a  machine-language  pro¬ 
gram,  once  written,  can  immediately  be  executed  by  the 
computer.  The  use  of  machine-language  coding  is  today 
generally  restricted  to  programing  of  higher-level  lan¬ 
guages. 
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Symbolic  Language.  This  lm|u«|«  greatly  reduce*  cler¬ 
ical  effort  in  programing.  The  aaaerrbler  (the  general 
purpoee  program  which  mutt  ft  rat  treat  the  written  sym- 
bolic  program  aa  data,  then  produce  a  machine- language 
program)  makua  tho  actual  storage  assignment.  In  addi¬ 
tion,  the  programmer  code*  in  lymbols  which  have  some 
mnemonic  value.  However,  symbolic  programing  usually 
requires  a  few  more  instructions  in  coding  than  does  ma¬ 
chine  language. 

Interpretive  Language*.  These  languages  reduce  the  num¬ 
ber  and  complexity  of  instructions  required  to  writ*  a 
program,  yet  eliminate  the  need  for  a  translation  or  as¬ 
sembly  run  on  the  computer  in  producing  a  machine- 
language  program.  The  language  is  still  relatively  un¬ 
intelligible  to  a  human  reader.  A  more  serious  disadvan¬ 
tage  is  the  necessary  presence  of  a  general  purpoee 
program  in  storage  with  the  specific  program  reduces  the 
efTectivw  sis*  of  the  computer  storage. 

Compiler  Language.  Today  the  compiler  language  is  ac¬ 
cepted  a*  the  standard  method  of  programing  engineer¬ 
ing  and  scientific  problems  for  a  computer.  Some  of  its 
advantages  are  simple  mathematical-like  language,  shorter 
programs,  and  improved  readability. 

The  greatest  advantage  of  compilers  is  that  a  program 
written  in  a  compiler  language  can  be  run  on  any  machine 
for  which  there  exists  the  necessary  general  purpose  proc- 
es.ior  for  conversion  from  compiler  language  to  machine 
language.  This  is  not  true  of  any  of  the  previously  men¬ 
tioned  languages. 

The  FORTRAN  compiler  language,  introduced  in  1955, 
first  demonstrated  the  feasibility  of  compilers.  Processors 
are  now  available  for  most  scientific  computers  to  trans¬ 
late  from  FORTRAN  to  machine  language.  FORTRAN 
will  be  used  throughout  this  Sub-Section. 

Problem-Oriented  Language*.  Attention  has  been  given  to 
general  purpose  programs  which  will  solve  any  problem 
within  a  given  technical  category.  Again,  the  specific 
problem  is  presented  to  the  computer  in  a  simpie  descrip¬ 
tive  language.  The  general  purpose  program  then  develops 
the  mathemtitirs  needed  to  solve  the  problem,  and  finally 
does  the  calculations  to  give  the  solution.  This  approach 
has  been  successful  in  vibration  studies  of  spring,  mass, 
and  damper  systems. 

Subroutines.  In  the  engineering  and  scientific  fields,  many 
arithmetic  evaluations  of  mathematical  statements  can  be 
standardized.  Therefore,  once  a  computer  program  is 
coded  for  solving  a  given  problem,  the  same  program  can 
be  used  for  any  problem  of  the  same  type.  This  is  done 
with  subroutines.  Compilers  can  supply  these  subroutines, 
called  “closed"  because  they  appear  only  once  in  each 
program. 

Floating-Point  Subroutine*.  Engineering  calculations 
often  involve  handling  of  very  large  or  very  small  num¬ 


bers  in  a  computer.  To  avoid  carrying  many  digits  and  to 
aliminata  tha  effort  of  keeping  track  of  the  location  of  the 
decimal  point,  a  floating-point  notation  Is  used.  A  common 
procedure  is  to  maintain  perhaps  6  to  16  most  significant 
digits  (mantiasa)  of  a  nu  mber  plus  a  two-digit  charac¬ 
teristic  to  indicate  the  proper  position  of  the  decimal 
point.  The  characteristic  is  developed  from  tha  exponent 
of  10  (assuming  use  of  the  decimal  rather  than  binary 
system). 

The  internal  representation  of  such  a  number  in  a  com¬ 
puter  may  take  several  forms,  depending  on  the  logic  of 
the  computer  hardware  (decimal  versus  binary,  fixed  ver¬ 
sus  variable  word  length  alphanumeric  versus  numeric 
characters,  etc.).  Two  possible  internal  representations 
for  the  number  619575.33  are  6155753806 
(variable,  decimal,  alphanumeric  computer)  and 
5661967533  (fixed,  decimal,  numeric  computer). 

Many  computers,  particularly  large  scale  scientific  sys¬ 
tems,  can  automatically  handle  arithmetic  with  numbers 
in  floating-point  form.  In  the  others,  thia  function  it  simu¬ 
lated  by  programing.  The  prorrams  for  arithmetic,  oper¬ 
ations,  once  programed  for  a  specific  machine,  become 
subroutines 

Mathematical-Function  Subroutine*.  Some  of  the  common 
mathematical  functions  used  repeatedly  in  engineering 
work,  including  the  trigonometric  functions,  the  hyper¬ 
bolic  functions,  and  the  exponential  functions,  are  evalu¬ 
ated  through  the  use  of  subroutinea. 

Input  and  Output  Subroutine*.  The  entry  and  exit  of  in¬ 
formation  to  a  computer  usually  requires  complex  pro¬ 
graming.  Subroutines  to  perform  these  complex  tasks  can 
greatly  reduce  the  effort  of  programing  a  specific  problem. 

Open  Subroutine*.  The  bulk  of  a  machine  program  gen¬ 
erated  by  a  compiler  processor  is  made  up  of  another  type 
of  subroutine,  called  an  “open”  subroutine.  These  sub¬ 
routines  handle  such  operations  as  data  transfers  in  stor¬ 
age,  compaiison  of  data,  logical  branches  from  one  part 
of  a  program  to  another,  and  the  actual  arithmetic  cal¬ 
culations  for  those  machines  not  needing  the  closed  sub¬ 
routines  for  floating-point  arithmetic.  The  decision  to  make 
a  particular  function  an  open  rather  than  a  closed  sub¬ 
routine  depends  generally  on  whether  the  length  of  the 
open  subroutine  is  the  same  or  less  than  the  linkage  in¬ 
structions  requited  for  the  use  of  a  closed  subroutine. 

Subprograms.  An  important  development  in  the  program¬ 
ing  of  large  scale  problems  for  large  computer  systems 
is  the  use  of  subprograms  with  compiler  lenguages.  Pre¬ 
viously,  an  individual  program  was  a  one-man  job.  With 
subprograming,  a  major  job  with  distinct  logical  phases 
of  calculation  can  be  assigned  to  several  people.  Each 
person  needs  to  know  only  the  meaning,  order,  and  form 
of  the  data  to  be  accepted  by  his  phase  and  the  meaning, 
order,  and  form  of  the  calculated  results  he  is  to  pass  on 
to  the  next  pha««  of  the  program. 

Systems  Monitors.  Most  of  the  large  scale  scientific  com¬ 
puting  installations  are  presently  using  another  type  of 
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program,  the  monitor  or  executive  system,  to  actually 
operate  the  computer  system.  Jobs  to  be  handled  by  the 
computer  are  stacked  on  magnetic  tape.  The  monitor  sys¬ 
tem  calls  on  one  jcb  after  another,  performs  necessary 
translation  (several  languages  may  be  available),  and 
idles  error  situations.  Operator  i  itcrvention  is  kept  to 
minimum,  thus  reducing  the  idle  time  for  the  computer 
system. 

The  Fortran  Language.  FORTRAN  is  a  typical  com¬ 
puter  language.  It  uses  symbols  that  the  computer  can 
understand  and  requires  that  the  rules  for  their  use  be 
closely  followed.  It  also  eliminates  man;1  of  the  detailed 
computer-control  operations  from  the  programs  and  uses 
a  problem-statement  format  close  to  that  of  the  mathe¬ 
matical  equation. 

The  engineer  describes  his  problem  in  FORTRAN,  which 
is  then  translated  into  machine  language  by  the  computer 
itself  with  the  aid  of  a  program  called  the  FORTRAN 
Pi  cessor.  The  resulting  machine-language  program  is 
then  ready  for  use,  (Figure  8.3.1.2a). 


Figure  8.3.1  2a.  Procedure  Followed  by  Computet  and 
Peripheral  Equipment  When  Program 
la  Written  in  FORTRAN 

(Program  is  transit  tad  from  FORTRAN  into  machine  language  hy  a 
FORTRAN  Processor  and  then  operates  on  input  data.) 

Statements  are  the  sentences  of  FORTRAN.  They  may: 

1)  Define  the  arithmetic  steps  to  be  accomplished  by  the 
computer 

2)  Provide  information  for  control  of  the  computer  dur¬ 
ing  execution  of  the  program 

•0  Describe  input  and  output  operations  necessary  to 
bring  in  data  and  write  the  results 

4  I  Specify  ceitain  additional  facts  such  as  the  dimensions 
of  **  variable  which  appears  in  the  program  with  sub¬ 
scripts. 
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A  program  for  evaluating  the  roots  of  ax-  !  b*  I  c  0 
is  shown  in  Figure  8.3.1.2b. 


Figure  8.3.1.2b.  Typical  FORTRAN  Program  for  Evaluating 
a  Quadratic  Equation 

(Program  is  set  up  to  be  repeated  until  the  Input  data,  in  this  case 
punched  cards,  are  exhausted.) 


An  example  of  an  arithmetic  statement  as  it  would  appear 
on  a  FORTRAN  eodii.g  sheet  is : 

R00T  (  B  I  SQRT  <B*"  2  £  *A*C) ) / (2.*A) 

which  means:  the  quantity  to  be  'mown  as  R00T  is  equal 
to  —  that  is,  cun  be  determined  by  —  evaluating. 

B  4-  \/BJ  4AC 

2A 

where  A,  B,  C  arc  given  values  stored  within  the  com¬ 
puter. 

Arithmetic  statements.  These  lock  like  simple  statements 
of  equaiiiy.  The  right  side  of  ail  arithmetic  statements  is 
an  expression  which  may  involve  parentheses,  operation 
.  ymbols,  constants,  variables,  and  functions  combined  in 
accordance  with  a  set  of  rules  much  like  that  of  ordinary 
algebra.  The  symbols  )  and  are  employed  in  the  usual 
way  for  addition  and  subtraction.  The  symbol  *  is  used 
for  multiplication,  and  the  symbol  /  is  used  for  division. 
The  fifth  basic  operation,  exponentiation,  is  represented 
by  the  symbol  **.  A**B  is  used  to  represent  A". 

The  FORTRAN  arithmetic  expression  A**B*C  D**E/F 
(i  means  A"(  I  (D'/F)  G.  Thus,  if  parentheses  a^e 
not  used  to  specify  the  order  of  operations,  the  order  is 
assumed  to  lie:  1)  exponentiation  2)  multiplication  and 
division  3)  addition  and  subtraction.  Parentheses  are  em¬ 
ployed  in  the  usual  way  to  specify  order.  For  example, 
(  A  (  B  )  C) )"  is  written  in  FORTRAN  as  (  A*(B  |  C)) 
'■"D. 
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Thvrt  arr  three  exceptions  to  the  ordinary  rules  of  mathe 
ma'.iral  notation.  These  arp: 

I)  In  ordinary  notation  AH  means  A  •  li  or  A  times  H. 
However.  AB  never  mean*  A'H  in  FORTRAN.  The  mul¬ 
tiplication  symbol  cannot  he  omitted. 

Ji)  In  ordinal)  usage,  expressions  like  A  B  •  V  and  A  It  (' 
arv  considered  ambiguous.  However,  such  expressions  ate 
allowed  In  FORTRAN  and  are  interpreted  as  follows: 

ABC  means  \A  B)*C 
A*H  C  means  (A*Bf/C 
A  B/C  means  (A  B)/U 

Thus,  for  example.  A  B  C*D*E  F  means  (t((A  l»)/C> 
l  > )  *  K 1  F.  That  is.  the  order  of  operatf,<ns  is  simply  taken 
from  left  to  right.  in  the  same  way  that  A'H  C  •  l» 
K  means  (ttA  *  H)  O  t  I>)  E. 

3)  The  expression  A1"  if,  often  encountered.  However, 
the  corresponding  expression  using  FORTRAN  notation, 
A**H’*(\  is  not  allowed  in  the  FORTRAN  iang  lage.  It 
should  be  written  as  (A**B)**C  if  (A")'  is  meant,  or  as 
A**(B’C)  if  A""  '  ia  meant. 

In  addition  to  constants,  simple  variables  and  operations 
and  functions  may  also  be  expressed.  For  example, 
SQRT  (  )  indicates  the  square  root  of  the  expression 

in  parentheses.  Typical  functions  are: 

ARBI  X  i  .  X 

SQRT< X|  .  V"X 

SINIX)  .  sin  X 

C0SIXI  .  cos  X 

ATANlXi  .  arctan  X 

EXIMX)  .  e' 

A  l,0O(X>  .  log.X 

Input / Output  State rnenfs.  These  are  used  to  bring  data 
into  the  computer  to  be  stored  for  processing  and  to  Send 
out  results.  Typical  examples  are: 

UK  \l>  1,  A,  H,  C  This  statement  wonl*.  cause  the  next 
card  in  thi  card  leader  to  be  r’ad 
and  the  three  numbers  on  it  stored 
in  locations  assigned  to  the  values 
A.  B.  and  C. 

>‘RINT  2,  BOOT  This  would  cause  the  number  i*i  stor¬ 
age  'dentifted  as  the  variable  R00T 
to  be  printed. 

PUNCH  4,  SUM  A,  SUM  B  This  statement  would 

cause  the  two  values  SUM 
A  and  SUM  B  to  be 
punched  on  a  single  card. 

Simtlur  input  output  statements  me  included  in  the  pro- 
gi am  for  reading  ami  writing  on  magnetic  tapes  and  mag¬ 
netic  drums,  and  for  such  operations  a::  rewinding  or  baok- 
opticing  tapes.  The  numbers  which  follow  the  statements 
in  these  examples  specify  the  format  in  which  the  input 
or  output  should  appear. 

('initmt  Stitemvate.  In  a  FORTRAN  program,  any  state¬ 
ment  which  is  referred  to  by  another  statement  must  be 
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given  an  identifying  numVr,  The  control  statements  refer 
to  these  Identifying  numbers  for  the  purpose  of  branching 
from  one  part  of  the  program  to  another. 

Important  statements  in  this  category  are  illustrated  hy 
the  following  examples. 

CO  TO  4  This  statement  indicates  that  the  next  state¬ 
ment  to  lie  executed  (after  having  been  con¬ 
verted  to  a  machine-language  program,  of 
course |  is  the  one  numbered  4. 

CO  TO  (4,  IK,  30.  40),  K  This  statement  in  referred  to 
as  a  computed  CO  TO  since  the  value  of  K  is 
computed  in  a  previous  statement.  If  at  the 
time  this  CO  TO  is  executed,  K  3,  then  the 
third  alternate  (statement  30)  would  be  the 
one  chosen. 

8.3.1 .1  METHODS  AND  TEC  HNIQUES.  This  section  ex¬ 
plains  some  of  the  procedures  or  techniques  used  in  problem 
definition  to  simplify  communication  with  the  computer. 

Block  Diagramming.  A  tilcck  diagram  is  a  picture  of  the 
steps  which  must  he  performed  to  accomplish  a  particular 
job.  The  major  function  of  the  diagram  is  to  clarify  what 
must  be  done  as  a  result  of  each  decision.  Since  he  com¬ 
puter  has  no  way  of  anticipating  the  requirements  of  a 
program,  it  must  be  provided  with  all  th*  information 
needed  to  reach  a  solution.  The  amount  of  information  put 
into  the  blink  diagram  expends  upon  personal  preference, 
programing  techniques,  and  type  of  computer  to  be  used. 
To  illust.Rte,  consider  a  problem  which  involves  repetition 
of  the  same  operation  a  number  of  times.  Let  the  problem 
be  to  evaluate  . 

5 

v 

Z  >  (X,  Y,) 

i  1 

This  might  be  block  diagramed  in  either  of  the  two  ways 
illustrated  in  Figure  8.3. 1.3. 

The  two  diagrams  in  Figure  8. 3. 1.3  illusti  ite  an  impor¬ 
tant  programing  concept  —  that  of  looping  Diagram  a 
corresponds  to  a  program  in  which  each  (  K,  Y,)a  is 
computed  ..eparately  and  then  all  are  summ  d  to  obtain 
Z.  With  only  five  values  of  i,  this  is  not  to  unlikely  a 
method  of  approaching  the  problem.  But,  con  ider  a  situ¬ 
ation  in  which  i  100  or  1000  or  may  vary  according  to 
some  other  characteristic  of  the  problem  of  which  this 
computation  is  u  part.  In  such  a  case,  both  the  diagram 
and  the  program  would  be  large  and  time  consuming. 

In  diagram  b,  advantage  has  been  taken  of  the  computer’s 
ability  to  make  logical  decisions  and  to  modify  its  own 
program.  Since  the  number  of  times  the  computation  is 
repeated  depends  only  on  the  value  of  i  (and  the  presence 
of  successive  values  X.  and  Y,),  this  one  diagram  —  and 
the  program  which  would  be  based  on  it  —  applies  for  any 
value  of  i. 
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Figure  8.3. 1.3.  Block  Diagrams  for  Usa  in  Evaluating 

Z  =  2  (X.  -  Y,)> 

I  =  1 

(Diagram  (a)  corres(-onds  to  a  program  in  which  each  (X.-Y,)'  Is  com¬ 
puted  separately;  the  answers  are  then  summed  up.  This  approach  is 
adequate  when  only  a  tew  values  am  used.  For  larger  numbers  ot  o per 
atlons,  “looping"  is  used,  as  shown  in  (b).  This  method  is  based  on  the 
ability  ot  the  computer  to  make  logical  decisions  and  to  modify  its  own 
program.) 


Subscripting.  In  computer  work,  subscripts  are  used  in  two 
ways: 

1)  To  specify  e'ernerits  of  arrays  such  as: 

A,  or  A„  Ai..  ■  •  •  •  A,x 

A..  A;.,  A:j  ■  •  ■  •  Ain 

A,  Ah  A,.  •  •  •  •  Ajn 


Am  Am  Am'  '  •  •  A ii n 

This  allows  reference  to  elements  of  an  array  through 
simple  manipulation  of  the  subscripts. 

2)  To  specify  the  chronological  order  in  which  a  procedure 
occurs.  For  example,  in  Figure  8. 3. 1.3,  diagram  b,  sub¬ 
script  i  is  used  not  only  tc  denote  which  member  of  the 
X  and  Y  array  is  being  operated  on,  but  also  to  indicate 
how  many  times  the  computational  step  Z  ---  Z  I  (X, 

Y i ) 1  has  been  performed.  This  use  is  not  generally 
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familiar  to  the  engineer,  but  is  ini)>ortant  in  iteration. 

Abnolute  Values.  This  concept  is  important  because  of  the 
way  in  which  a  computer  makes  logical  decisions.  Om- 
prter  decisions  are  based  on  w  nether  a  number  is  posi¬ 
tive,  zero,  or  negative.  For  example,  assume  that  two  pos¬ 
sibilities  exist,  depending  on  whether  A  <  500  or  A  ?  500. 
First,  subtract  R00  from  A,  so  that  A  600  *-  E.  Then, 
the  Decision  is  based  upon  the  die  of  E.  If  E  is  negative, 
procedure  1  is  carried  out;  if  E  is  positive  or  tevo,  pro¬ 
cedure  2  is  usefl. 

If  the  difference  represents  the  error  in  a  procedure  (that 
is,  500  is  the  true  value  and  A  is  the  estimate),  the  abso¬ 
lute  value  of  the  error  must  be  less  than  a  prescribed 
amount  e  and  the  test  is:  If  |E|  e  V  0,  use  procedure  1 ; 
if  ]Ej  e  <  0,  use  procedure  2.  The  absolute  value  must 
be  used,  for  in  genera)  there  is  no  prior  knowledge  of 
whether  the  difference  A  500  will  be  positive  or  nega¬ 
tive  All  the  alternatives  must  be  spelled  out  to  the  com¬ 
puter  in  the  program. 

In  many  practical  cases  the  reiative  error  is  a  better 
measure  of  the  error  than  the  absolute  error  of  a  result. 
The  relative  error  teat  for  the  preceding  situation  would 
be  stated:  if  '0/6001  e  0,  use  procedure  1;  if  |E/600l 
•  -  e  <  0,  use  procedure  2. 

Errors.  There  are  several  sources  of  errors  in  computation 
which  are  important  in  computer  work. 

Initial  Error.  If  x  is  the  true  value  of  a  data  reading  and 
x*  is  the  reading  used  in  computation  (reflecting  an  error 
in  measurement,  perhaps),  the  initial  error  is  x  x*. 

Ron ndiny  Error.  This  type  of  error  results  when  the  less 
significant  digits  of  a  quantity  are  deleted  and  a  rule  of 
correction  is  applied  to  the  remaining  part. 

Truncation  Error.  To  simply  chop  off  at  four  decimal 
places  for  pi,  giving  S.M15,  would  result  in  a  truncation 
error.  Another  common  source  of  truncation  error  is  in 
chopping  off  all  terms  in  an  infinite  series  expansion  after 
a  particular  term.  For  example,  cutting  the  series  for  e* 
at 


X'  X 

e*  I  "i  x  (  -jjT  (  "^7 

gives  a  truncation  error,  sometimes  called  residual  error 
for  secies  approximations. 

I'ropayatcd  Err-'r.  If  x  is  the  true  value  of  a  variable  and 
x*  the  value  used  in  computation,  then  f(x)  f(x*)  is 
the  propagated  error. 

Algorithms.  An  algorithm  is  a  theorem  which  may  state 
that  a  solution  to  a  problem,  and  or  a  procedure  for  ob¬ 
taining  the  solution,  exists.  The  term  is  frequently  en¬ 
countered  in  computer  literature  because  the  form  of  an 
equation  is  often  all  important  in  programing  efficiently. 
The  following  example  illustrates  the  use  of  algorithms. 
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A'.ramp/r.  The  squat  e  r**ot  of  a  positive  real  number,  A, 
can  be  computed  by  using  the  algorithm 


This  equation  hIso  introduces  the  idea  of  iteration.  For 
example,  io  obtain  an  e.xtimat*  of  A" start  with  a  first 
Cocas  x...  Substitute  this  into  the  right  :  ide  of  the  equation 
to  obtain  the  r.e.st  estimate  of  A  A  few  of  the  steps  are: 


1  / 

A  \ 

X* 

"2 

Xu 

;  x:) 

1  / 

A 

Xf 

2  ( 

X, 

f  “) 

i  / 

A  N 

X  1 

2  V 

Xi 

f  it) 

1  i 

A  N 

X,.; 

2  V 

X 

•  t) 

1)  The  muthcniatirul  statement  of  the  problem  requirts 
an  iterative  npptoueh  for  ovaluating  one  or  more  if  Up- 
variables. 

2)  Many  possibilities  arc  to  be  evaluated  to  find  *he  beat 
design.  Often  this  problem  can  be  reduced  to  the  preced¬ 
ing  situation  by  selection  of  an  appropriately  expressed 
mathematical  criterion  of  the  optimum  solution. 

3)  The  mathematical  expresrion  for  the  physical  problem 
is  to  k.  evaluated  for  many  values  of  one  or  more  known 
parameters,  such  an  time  in  a  motion  problem  or  degree  of 
rotation  in  e  geometry  problem. 

8.3.2. 1  (iKNKRAl,  I'KOCKItl’HK.  An  equation  which  nrises 
frequently  in  absorption  problems  in  optics,  electronics, 
and  nuclear  engineering  illustrates  the  iter.  t!ve  approach 
to  problem  solving: 

x  a  e"*  <Eq  8  3.2.1a) 


Note  that  the  algorithm  states  a  procedure  for  solution  of 
the  nre.blem,  not  just  one  fcrmula  evaluation.  Also,  note 
the  use  rf  the  subscript  i;  that  is,  i  t  1  indicates  a  result 
depended  upon  the  previous  result  subscripted  by  i. 

Taking  a  value  of  A  (sny  25)  fo  which  the  square  root 
is  known,  and  perfoiming  the  indieat.  d  operations  will 
make  this  algorithm  clear.  If  2  is  used  as  a  starting  esti¬ 
mate.  then 


i 

•> 

(  - 

-f-) 

1  7.25 

i 

/ 

25  \ 

>> 

V7.25 

775  ) 

I  5  35 

1 

25  > 

■> 

(  5. 35  i 

5.35  J 

1  5.01 

8.3.2  Principles  of  Iteration 

Certain  classes  of  problems  can  lie  solved  by  standard 
mathematical  methods,  such  as  the  evaluation  of  a  gen¬ 
eral  formula  In  many  eases,  however,  the  formulas  ure 
too  complex  for  easy  solution,  i.r  as  in  the  case  of  equa¬ 
tions  of  a  higher  order  than  quartie  no  general  formulas 
can  b.  i|c  doped.  I  a  such  cases,  some  method  of  approxi¬ 
mation  o  deration  must  be  used  to  arrive  at  a  solution. 


Any  probb  in  requiring  s’niple  methematica.  analysis  can 
be  handled  by  a  digital  computer.  Hut  because  of  its  great 
speed,  th<  computer  can  go  far  beyond  such  methods. 
Through  successive  approximation,  or  iteration,  it  can  ar¬ 
rive  quickly  at  answers  "f  any  desired  accuiacy.  Thus, 
iteration  s  one  of  the  most  powerful  tools  available  u>  th 
engineer  wot  king  with  a  digita'  computer.  This  article 
sh  >ws  some  of  the  types  of  problems  that  can  be  h,. (idled 
by  a  omputer  through  iteration. 

ihirc  ate  »hr«-e  cases  in  which  engineering  problems  are 
a.  t!  .,'.nted  to  iteration  procedures: 


where  u  and  h  are  constants. 

.  his  equation  cannot  he  solved  explicitly  for  x,  so  the  fol¬ 
lowing  iteration  procedure  is  used: 

1.  tijess  a  value  for  x. 

2.  Use  this  gutss  with  Fquation  (8. ,1.2.1a)  to  give  a  new 
value  for  x. 

It.  Consider  this  new  value  of  x  the  next  guess. 

4.  Repeat  steps  2  and  3  until  two  slice.  <sive  guesses  either 
agree,  or  differ  by  an  amount  less  than  the  allowable 
error. 

A  FORTRAN  program  to  solve  this  problem,  where  x  — 
».2e"  is  shown  in  F:gure  8. 3. 2.1.  I#  this  program  were 
translated  into  marhin.  language  and  the  resulting  pro¬ 
gram  run  on  a  comp  ’  the  successive  estimates  of  x 
would  be : 


1 .0*10000 
o.32!‘744 
0.235848 
0.225032 

It  UitOO  4  O 
II.  it  it'  to  AC' 

0.223082 

0.223A07 

The  last  value  in  ibis  list  satisfies  the  requirement  that 
the  difference  between  it  and  the  previous  estimate  be  less 
than  0.0001  >f»  absolute  value. 

This  simple  direct  iteration  procedure  is  limited  in  the 
number  of  problems  it  will  solve.  Direct  iteration  is  based 
<  n  the  formula  x„  ,  f(x„).  This  procedure  will  converge 

only  for  1  <  f ' < x.  )  -  1,  where  fix.,)  Ae1'""  for  this 

ci.se,  and  f’  indicates  the  first  derivative. 

When  simple  iteration  fails  to  produce  convergence,  the 
Ncwt.m  Itaphson  method  is  used  to  obtain  an  estimate. 
Thi  Newtoii-Ruphson  iterative  equation  is 
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C  READ  VALUES  FOR  A*B»  AND  AN  INITIAL  X 
READ (  5  »  1  5  A. 8.X 

1  FORMAT  (3F10.6) 

C  WRITE  O'JT  ESTIMATE  OF  X 

2  WR I T  E ( 6  »? )  X 

3  FORMAT  (  F 1 0  •  6  ) 

C  FORTRAN  ARITHMETIC  STATEMENT 
C  OF  EQUATION  TO  8E  SOLVED 
XNEW=A*EXP(B*X) 

C  FIND  ABSOLUTE  VALUE  OF  DIFFERENCE 
C  IN  LAST  TWO  ESTIMATES 
TEST=ABS(X-XNEW) 

C  IF  DIFFERENCE  IS  LESS  OR  EQUAL  TO 
C  .00005  GO  TO  5. OTHERWISE  4 
IF  (TEST-. 00005)  5.5.4 
C  STORE  NEW  ESTIMATE  OF  X 

4  X*XNEW 

C  RETURN  TO  STEP  2  AND  REPEAT 
GO  TO  2 

C  WRITE  OUT  LAST  ESTIMATE  OK  X 

5  WRI TE ( 6 » 3 )  XNEW 
C  END  OF  PROGRAM 

STOP 

END 


8.3. 2.2  OPTIMIZATION.  The  following  problem  illustrate* 
one  origin  of  the  type  of  equation  just  discussed.  Analysis 
of  the  problem  is  based  on  the  classical  optimization  prin¬ 
ciple  of  equating  the  derivative  of  a  function  of  one  var¬ 
iable  to  zero.  The  values  of  the  variable  which  satir.fy  the 
resulting  equation  are  chose  for  which  the  original  func¬ 
tion  is  either  a  maximum  or  a  minimum. 

For  high-potential  condu-tioc  through  walls,  tubular  in¬ 
sulators  are  used,  (see  Figure  8.3. 2. 2).  These  are  covered 
with  metal  on  the  inner  and  outer  surfaces.  What  must 
be  the  ratio  of  the  external  diameter,  2R,  .0  the  bore.  2r, 
for  the  cross  section  Q  to  be  a  minimum? 


insuiakt* 


•Oil 


Xrui 


=  X„ 


F(x„) 
F'(x„  j 


(Eq  8.3.2.1b) 


Applying  this  method  to  Equation  (8.3.2.1a)  gives  F(x„) 
=  x,;  —  Aell,n.  From  the  Newtcn-Raphson  formula,  Equa¬ 
tion  (8.3.2.1b) 


x„  —  A  e  ltx. 
1  A  e"‘“ 


(Eq  8.3.2.1c) 


Tj  solve  this,  problem  in  FORTRAN,  replace  the  statement 
for  XNT-W  in  Figure  8.3.2. 1  with  the  arithmetic  state¬ 
ment  :  2  XNEW  =  X  -  (X  -  A*  EXP  <B*XV(1  — 

A*B*EXP  (B*X).  This  program  will  produce  the  follow¬ 
ing  successive  values  of  x: 

1.00000 

0.19742 

0.2236-: 

0.22366 

Note  the  increased  rate  of  convergence  obtained  with  this 
method.  Only  three  new  estimates  are  computed,  compared 
to  seven  in  tin  previous  example. 


Figure  8.3. 2. 2  Tubular  Insulator 

fDticussed  in  example  problem.) 


Ratio  q  of  the  line  voltage  to  the  maximum  admissible 
field  strength  is 


Cross  section  Q  is 


q  -  r  In  T 


Q  -  tt(R-  -  r-) 


With  x  —  R/r,  then  r  -  q/ln  x.  Thus, 

r,  *q-‘(x-  -  1) 
y  (In  x) 


(Eq  8.3.2.2a) 

(Eq  8.3.2.2b) 

(Eq  8.3.2.2c) 


Since  Q  is  to  be  a  minimum,  it  is  necessary  to  find  a  point 
on  the  curve  defined  by  Equation  (8.3.2.2c)  where  the 
slope  is  zero.  To  do  this,  the  first,  derivative  is  set  equal 
to  zero.  First, 

(Eq  8.3. 2. 2d) 

dQ  _  ,  r  2x  2  (xJ  1)  1 

dx  W<1  (_  (lnx)-'  —  x(inx)s  J 
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Prom  the  bracketed  expression,  x  (x1  l)/xlnx  =  0, 
or  In  x  —  1  l/x\  This  in  turn  gives  x  e'  0. 

The  expreeiion  for  x  i*  easily  recognizable  aa  the  type  of 
problem  discussed  in  Detailed  Topir  8.3.2. 1. 

8.S.2.J  GEOMEVRIC  RELATIONSHIPS.  Typical  examples 
<>f  problems  'vhich  can  be  solved  by  an  interactive  solution 
vru  presented  as  follows: 

Helical  Goars.  An  example  which  lends  itself  to  an  i  rative 
aoiu'ion  i'-  an  equation  which  occurs  in  the  design  of  hel¬ 
ical  gears: 


A  graph  of  Newton’s  function,  F(->)  —  tan  <p  -  K,  is 
shown  in  Figure  8.3.2.3a.  An  enlargement  in  the  area  of 
intersection  of  F  (?)  with  the  V>  axis  shows  the  basis 
for  Newton’s  procedure,  Figure  8.3.2.3b.  If  is  the  first 
estimate  of  the  root,  Figure  8.3.2.3b  indicates  that  the 
next  good  estimate  would  bo  the  intersection  of  the  pro¬ 
jected  slope  of  F  (^)  evaluated  for  <t>  .  The  following  use 
of  the  eon.itruction  angle  #  shows  this  to  be  Newton’s  pro¬ 
cedure 

(Cq  8.3.2.3b) 

tan  e  =  F' (</>„) 

0ll  0ll  i  I 


(Eq  8.3.2.3a) 

K  involute  of  -  tand>  - 


whet*  K  is  obtained  from  standard  tables.  Find  an  angle 
e  which  satisr.es  the  equation. 


The  Newton- Raphson  method  can  again  be  used.  However, 
■t  ia  worthwhile  to  consider  the  best  way  to  get  a  first 
estimate  of  e.  since  this  estimate  will  affect  the  rate  of 
con  .’ergence. 


figure  8.3.2.3a ,  b.  Graph  of  Newton’s  Function, 

F  (w1)  =  tan  o-ci-K 

fSo'w'W  m  #»x.  mpie  problem.  Graph  m  (b)  shows  enlargement  ot  area  of 
mtrrsv  t  on  of  F  (qJ  with  the  o  axis  and  illustrates  the  basis  tor  New¬ 
ton's  pi  ot  vdum  ) 


or 


*«.,  "  Y$J~  (Eq  8'3,2'3c) 

The  dotted  lines  in  Figure  8.3.2.3a  show  the  limits  on  the 
range  of  the  initial  estimate  for  which  Newtor.’s  technique 
will  converge  to  the  proper  value. 

A  good  first  estimate  can  often  be  determined  by  a  careful 
examination  of  the  problem  to  be  solved.  In  this  case  the 
first  two  terms  of  the  trigonometric  series  for  tan  <t>  give 

tan  ss;  </>  +-  (Eq  8.3.2.3d) 

\J 

Substituting  this  in  Equation  (8.3.2.3a)  and  solving  for  a 
gives  9  os  (3K)v\  Thus,  an  initial  guess  which  should  be 
reasonably  close  to  the  solution  can  be  computed  from  the 
given  value  of  I  .  This  can  be  an  important  advantage 
where  convergence  is  likely  to  be  slow. 

To  illustrate,  Table  8.3.'2.3  shows  a  solution  for  two  values 
of  K  (0.001  and  0,01).  In  each  case,  the  initial  estimate  of 
#  =  0.52350  radians  (30  degrees)  is  used  rather  than  u 
value  computed  as  described  above. 


Table  83.2.3  Values  of  Angle  <t>  (raj) 


K  ■  0.001 

K  »  0.01 

0.52359 

0.52359 

0.35535 

0.39235 

0.25482 

0.52546 

0.18624 

0.30818 

0.15296 

0.30702 

0.14410 

0.30701 

0.14385 

0.14372 

Note  that  for  K  =  0.01,  fewer  iterations  were  required 
because  the  initial  estimate  was  closer  to  the  correct  re¬ 
sult.  Had  the  approximation  formula  developed  earlier 
been  used,  the  initial  estimates  would  have  been  0.14423 
and  0.31072,  and  no  more  than  twe  iterations  would  ha.e 
been  required  in  either  erse. 

Circular  Segment.  A  simple  geometry  problem  which  lends 
itself  to  iterative  solution  is  that  of  finding  the  angle  for 
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which  tha  arc  and  chord  in  a  circle  of  given  radius  will 
enclose  a  stated  ares,  (Figure  8.8.2.3c). 


Figure  0.3.2.3c.  Geometry  Problem  Discussed  In  Text 

(Problem  is  to  tint  the  angle  lor  - >hich  the  arc  and  chord  in  a  circle  o I 
given  radius  will  enclose  a  slate o  area.) 


Ares  A  is 


xr!« 

360 


r2  ain  6 
2 


(Eq  f  ,3.2.3a) 


Since  t  cannot  be  found  directly,  the  Newton- Raphson 
technique  is  used  to  And  a  solution.  Converting  9  to  radians 
and  applying  the  Newton-Raphson  formula  gives 

L  =  (Eq  8.3.2.31) 

where 


and 


r-'  ain  6„ 
2 


(Eq  8.3.2.3g) 

A 


F'(*„)  =  -  -Sg.  dn  (Eq  8.3. 2. 3h) 


8.S.2.4  POLYNOMIALS.  Iteration  can  be  used  to  find  a 
root  of  a  cubic  such  as  ax’  4-  bx:  4  cx  +  d  =  0.  Newton’s 
technique  generally  suffices  for  this  case. 

For  polynomials  of  degree  greater  than  4,  some  type  of 
iterative  procedure  must  be  used.  There  are  many  tech¬ 
niques  available  to  handle  the  higher  degree  polynomials, 
but  they  will  not  be  discussed  here.  Standard  programs 
for  evaluating  such  equations  have  been  developed. 

The  following  problem  shows  how  a  simple  circuit  can 
give  rise  to  a  cubic  equation.  Generally  it  is  simpler  to 
make  successive  approximations  than  to  solve  the  cubic. 

In  the  circuit  shown  in  Figure  8.3. 2. 4,  find  the  potential 
difference  V  from  (1)  to  (2)  ar.d  the  current  I  flowing  in 
the  circuit.  Equation  for  current  is:  I=kV;l/3;  given 
values  are:  k  =  10  ’  amps/volts3/3;  E  =  100  volts;  R  = 
5000  ohms. 


NON-UNI  AH 

PASSIVE 

COMPONENT 


LIN!  At 
ACTIVE 
COMPONENT 


Figure  8.3. 2.4.  Electrical  Circuit  for  Problem  Illustrating 
Computer  Solution  of  Polynomials 

(Solution  of  this  circuit  involves  a  cubic  equation) 


From  the  basic  relationship  for  potential  drop,  V  =  E  -  - 

IR 

V  =  100  -  5000  kV3/-  (Eq  8.3.2.4a) 
or 

V  =  100  -  0.05  V"2  (Eq  8.3.2.4b) 

This  cubic  equation  is  easily  solved  with  Newton’s  tech¬ 
nique. 

8.3. 2.5  DIFFERENTIAL  EQUATIONS.  Iteration  can  be 
used  to  obtain  numerical  solutions  to  differential  equa¬ 
tions.  To  illustrate,  consider  a  problem  for  which  the  exact 
integral  is  knowrx 

-  xy  (Eq  8.3.2.5a) 

Find  y  as  x  varies  from  0  to  1.0.  Initial  conditions  are 
x  =  0,  y  =  1.0. 

Euler’s  method  for  evaluating  the  equation  numerically 
for  y  — f(x)  over  the  range  iu  x  is  illustrated  in  Figure 
8.3.2.5a. 

Taylor’s  series  may  be  used  to  estimate  the  value  of  a 
function  y  —  f(x)  in  tne  vicinity  of  a  friven  point  y„ 

(Eq  8.3.2.5b) 


Consideration  of  the  first  two  terms  only  gives 


y...  =  y.  t(-|)a  (Eq  8.3.2.5c) 
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Figure  8.3.2. 5a.  Euler’s  Method  for  Numerically  Evaluating 
Example  Equation,  Illustrating  Computer 
Solution  of  a  Differential  Equation 


where,  from  the  given  differential  equation 


Figure  8. 3. 2. 5a  shows  that 


(Eq  8.3.2.3d) 


x„.i  -  Xn  4-  AX  (Eq  8.3.2.5a) 

Suceessitj  evaluation  of  Equations  (8.3.2.5c),  (8.3.2. 5d) 
and  (8.3.2.5c)  form  the  iterative  scheme  necessary  to  cal¬ 
culate  repeatedly  the  numerical  approximation  for  v  at 
regulut  intervals  in  x  over  the  required  range  in  x. 


First  step  in  using  these  iterative  equations  is  to  apply 
the  initial  conditions  as  follows,: 


X,  "  ‘  x»  f  Ax 


The  FORTRAN  program  to  evaluate  the  stated  problem 
is  shown  in  Figure  8.3.2.5b.  fable  8.3. 2. 5  shows  results  for 
Ax  0.05. 

The  analytical  solution  to  Fquation  (8.3.2.5a)  for  the 
stated  boundary  conditions  is  y:=e'’'J;  and  for  x  —  1.0, 
y  1.04872.  The  error  in  the  numerical  solution  is  1.59594 
1.64872  0.05278  or  about  3  percent.  Considering 

the  size  of  the  interval,  this  is  not  out  of  line. 


Increased  accuracy  could  be  obtained  by  decreasing  Ax  or 
by  using  s  more  sophisticated  technique.  In  tne  first  case, 
decreasing  the  value  of  Ax  may  increase  the  rounding 
error  and  hence  make  it  necessary  to  carry  along  a  greater 
number  of  significant  digits.  The  second  alternative  must 


n 

o 

• 

II  o  o 

X  •  • 

J  o  <-* 
UJ  II  11 

Q  X  >- 

1 

WRITE (6*2)  X  » V 

2 

FORMAT  (2F7.D) 

dely=x*v»delx 

X=X+DELX 

Y=Y+DELY 

IF(X-l.O)  1*1,3 

3 

STOP 

END 

Figure  8.3.2.5b.  Program  for  Evaluating  Differential  Equation 


Table  8.3.2  5  Printout  Valuaa  for  Program  In 
Figure  8.3.2.5b 


*  y 


0.00000 

1.00000 

0.05000 

1.00000 

0.10000 

1.00260 

0.15000 

1.00751 

0.20000 

0.01607 

0.25000 

1.02522 

0.30000 

1.03803 

0.35000 

1.06361 

0.40000 

1.07204 

0.46000 

1.09348 

P.5000C 

1.11809 

0.55000 

1  14604 

0.60000 

1.17766 

0.65000 

1.21288 

0.70000 

1.26230 

0.75000 

1.29613 

0.80000 

1.34474 

0.85000 

1.39863 

A  A  A  A  A  A 

u.auuuv 

1.46786 

0.95000 

1.52367 

1.00000 

1.59594 

be  viewed  in  the  light  of  the  accuracy  required.  The  more 
sophisticated  techniques  require  greater  programing  ef¬ 
fort  and  more  computer  time.  It  is  illogical  to  spend  this 
time  and  effort  to  obtain  accuracy  of  0.01  percent  if  the 
required  accuracy  is  only  2  percent —  particularly  in  cases 
where  the  input  data  is  accurate  to,  for  instance,  5  percent. 

The  more  sophisticated  techniques  usually  make  use  of  a 
weighting  of  several  previous  estimates  for  t\e  derivative 
in  an  equation  similar  to 

'Eq  8.3.2.SI) 

y„.t  =  y..  4-  W,(w,.yn'  4-  w,y„',,  a-  •••JAx 
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where  the  prime  indicates  a  derivative  and  the  w,  are 
selected  weighting  constants.  However,  the  logic  of  pre¬ 
dicting  the  next  value  for  y  in  terms  of  the  last  calculated 
point  and  the  derivative  evaluated  according  to  the  given 
differential  equation,  remain  the  same. 

8.S.2A  HIGHER  ORDER  DIFFERENTIALS.  It  is  easy  to 
extend  the  simple  numerical  integration  procedure  just 
discussed  to  higher  order  differential  equations.  For  ex¬ 
ample,  sunpose  the  following  is  to  be  solved  over  the  in¬ 
terval  0  to  1.0: 


dJy 

HiF 


+  A 


il3L 

dx 


+  Bxy  =  0 


(Eq  8.3.2.6a) 


where  x„  ~  0,  y.  *=  1.0,  (dy/dx).  1,  A  =  2,  and  B  =  8. 


The  analytic  solution  must  be  in  terms  of  an  infinite  series, 
therefore,  whether  a  series  is  determined  or  numerical  in¬ 
tegration  is  perforntod,  the  solution  involves  considerable 
computation.  The  series  representation  allows  control  of 
the  error,  while  the  stepwise  integration  procedure  to  be 
described  here  may  not. 


One  approach  to  this  problem  is  to  start  with 


(Eq  8.3.2.6b) 

(S).  ■-*(£).-»** 

and  then  obtain  successive  values  of  each  of  the  variables 
from 


y..*i  =  y„  +  AX  (Eq  8.3.2.6c) 

Xn+i  =  X„  +  AX  (Eq  S.3.2.6d) 

(Eq  8.3.2.6a) 

(£)l-(£).+(g)" 

(Eq  8.3.2.30 

(d^l*.  =  “  A(h£)„+.  _  BXn+iyc+1 

A  computer  solution  to  this  problem  is  shown  in  Figure 
8. 3.2.6. 


In  the  first  few  problems  shown,  iteration  was  us»d  to  im 
prove  the  estimate  of  a  single  solution.  In  the  case  of  dif¬ 
ferential  equations,  iteration  provided  successive  values 
of  y  for  Unite  changes  in  x.  These  are  two  entirely  differ¬ 
ent  concepts  of  iteration. 


A  =  2  e  0 
0  =  3.0 
XN:  0.0 
YN  =  1  •  0 
DY0X=1.0 

1  D2YDX=-A*DYDX-B*XN*YN 
WRITE ( S»2)  XN» YN»DYDX#D2YDX 

2  FORMAT  (4F11.3) 

IF(XN-i.O)  3  »4  » 4 

3  YN=YN+DYDX*.05 
XM=XN+.05 

DYDX=DYDX+D2YDX*,05 
GO  TO  1 

4  STOP 
END 


XN 

YN 

DYDX 

D2YDX 

.00000000 

1.0000000 

1.00000000 

-2.0000000 

.06000000 

1.0600000 

.90000000 

-1  9676000 

.10000000 

1.0960000 

.80212600 

-1.9327600 

.16000000 

1.1361063 

.70648750 

-1.9217729 

.20000000 

1.1703807 

.60939886 

-1.9210261 

.26000000 

1.2008606 

.51334766 

-1.9273331 

.30000000 

1.2266180 

.41698091 

-1.9378280 

.36000000 

1.2473670 

.32008951 

-1.9499144 

.40000000 

1.2633716 

.22269379 

-1.9612334 

.46000000 

1.C746012 

.12453212 

-1.9696408 

.60000000 

1.2807278 

.02605008 

-1.9731919 

.66000000 

1.2820303 

-.07260961 

-1.9701310 

.60000000 

1.2783998 

-.17111607 

-1.6688876 

.66000000 

1.2698440 

-. 1:6906946 

—1.9380749 

.70000000 

1.2663910 

-.36696420 

—1.6C  64927 

.76000000 

1.2380928 

—.46128884 

-1.8631311 

.80000000 

1.2160284 

-.65444540 

-1.8071774 

.86000000 

1.1873061 

-.64480427 

-1.7380221 

.90000000 

1.1150659 

-.73170538 

-1.6662671 

.£  i000000 

1,1184806 

-.81446874 

-1.5687323 

1.00000000 

1.0777672 

—.89240636 

-1.4484609 

Fig S.3.2.6.  FORTRAN  Program  end  Printout  fur  Higher 
Order  Differential  Equations 

(Solution  ot  these  equations  involves  an  extension  ot  simple  numerical- 
integration  procedures  used  tor  ordinary  ditlerential  equations.) 


d.3.3  Mathematical  Models 

As  its  name  implies,  a  mathematical  model  is  simply  the 
representation  of  a  part,  system,  or  process  by  suitable 
mathematical  relationships.  The  model  may  be  used  to 
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simulate  actual  performance,  mu-h  as  with  a  physical  pro¬ 
totype.  Site  and  complexity  of  the  system  represented  tnay 
range  from  a  simple  gear  <  rain  to  an  entire  automobile. 

Although  mathematical  models  serve  much  the  same  func¬ 
tion  as  a  physical  model,  (see  Figure  8.3.3),  they  have 
their  own  characteristics,  limitations,  and  advantages. 


Figure  S.3.3.  Two  Approaches  to  Designing  a  Far*  or  System 

(Thr  'build  and  try"  approach  shown  at  Mt  is  analogous  to  iha  com¬ 
puter  approach  at  right,  but  is  more  time  comuming.) 

In  the  build-and-try  approach,  the  specification  of  param¬ 
eters  (site,  shape,  material)  may  often  be  presented  in 
qualitative  terms.  In  a  mathematical  model,  thesa  qualita¬ 
tive  values  must  be  replaced  by  specific  quantitative  values. 
Criteria  for  a  better  design  must  be  expressed  in  precise 
mathematical  terms. 

Although  mathematics  may  suffice  to  describe  completely 
a  component  of  the  system,  rarely  will  known  lelations'.iips 
be  adequate  describe  completely  the  effects  of  compo¬ 
nents  working  together.  Considerable  logic,  often  taken 
from  engineering  experience,  must  be  used  to  create  a 
realistic,  accurate  representation  of  the  system  to  be 
studied. 

Finally,  possible  modifications  may  be  part  of  the  mathe¬ 
matical  model  and  programed  so  that  automatic  modifica¬ 
tions  take  place  as  a  result  of  decisions  based  on  steps  in 
the  calculation.  Naturally  these  modifications  must  have 
been  considered  during  construction  of  the  model.  They 
often  represent  a  search  for  a  better  design  according  to 
the  defined  criteria. 

The  examples  which  are  given  in  this  Sub-Topic  illustrate 
various  aspects  of  mathematical  model  building  for  com¬ 
puter  analysis.  Mos .  of  the  descriptions  are  concerned 
only  with  that  facet  of  the  physical  problem  which  re¬ 


quires  something  mere  than  conventional  analytic  tech¬ 
nique*.  In  a  practical  situation,  many  mora  calculation* 
are  performed  than  indicated  here. 

H.3.3.1  SOLENOID  DESIGN.  The  following  problem  is 
most  typical  of  design  problems  where  several  variables 
are  involved  and  the’  is  no  obvious  procedure  for  arriv¬ 
ing  at  the  ties,  design.  Choose  a  wire  for  a  solenoid  such 
that  the  power  consumed  will  be  less  than  some  fixed 
amour,  t  and  the  solenoid  will  give  a  fixed  pull,  (see  Fig¬ 
ure  8. 3. 3.1 ) . 


Figure  g.3.3.1.  Soleno’d  in  Example  Problem 

Engineering  handbooks  provide  the  following  relation¬ 
ships.  Pull  F  •*«  IN/1;  current  I  =  V/R;  power  P  =  V’/R; 
resistance  R  =  4«J/>L/*-;  wire  length  L  —  rDN :  soleno’d 
diameter  D  --  d  4  t;  coil  thickness  t  =  n«;  number  of 
layers  n  =  N/sl.  In  these  equations,  N  —  total  number  of 
turns;  V  — -  applied  voltage;  p  —  resistivity  of  wire;  • 
reciprocal  of  wire  diameter;  1  —  length  of  solenoid,  and  d  = 
inside  diameter  of  co;i,  (Figure  6.3.3  1). 


The  usual  rules  of  analysis  appl*'.  That  is.  it  is  best  to  do 
some  algebraic  manipulation  before  substituting  numbers, 
to  give 


which  gives  power  in  terms  of  wire  size. 


The  important  aspect  of  this  problem  is  not  that  one  can 
now  compute  the  power  output  for  a  given  oize  and  tnus 
choose  an  acceptable  wire  size,  but  rather  that  p  computer 
program  cai;  be  generalized  such  thrt,  given  any  require¬ 
ments  for  a  solenoid,  many  different  combinations  may  be 
tried  quickly  Co  find  the  suitable  combination  for  the  job 
at  hand. 


Thus,  to  design  a  solenoid  for  r  given  pull  F,  it  might  be 
desirable  to  vary  1,  d,  and  V  or,  perhaps,  to  limit  t.  With 
the  given  equations,  a  variety  of  optimizing  programs  can 
be  written  for  any  solenoid  design. 
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8.S.S.2  HEAT  TRANSFER  PROBLEM.  An  insulating  wall, 
(Figure  8.5.8.2a),  is  mat'*  of  three  parallel  lay*. re  of  dif¬ 
ferent  InsuHting  materials.  The  outsidu  temperatures,  t, 
and  t<,  are  known.  Conductivity,  k,,  of  each  layer,  (a 
straight  line  function  of  the  mean  temperature  t,*> ,  is 
known.  Find  the  quality  of  heat,  Q,  passing  through  a 
unit  area  of  the  wall  per  unit  of  time. 


Figure  8.3.3.2c.  Insulating  Wall  Discussed  In  Heat 
Transfer  Problem 


Heat  Q  is 


(£q  8.3.3.2a) 


If  the  k,  values  are  known,  t,  and  t,  may  be  determined 
from  the  ateady-state  lrquirement  *hat  the  quantify  of 
heat  passing  through  each  layer  per  unit  of  time  muat  be 
the  same.  Thua 


~<t, 

which  jrivea 


t,) 


Xu 


(t. 


t.)  - 

*V( 


(Eci  8.3.3.2b) 

u 


and 


(Eq  8.3.3.21) 


t  —  s  i 

t.|  *-  W  1 


X*  .  . 

"k7  l'  ~  tj 

X,  X,  _x7 

k,  ka  k, 


(Eq  8.3.3.21) 


ti  =  t,  - 


TT (tl  “  M 


k,  k,  k3 


But  this  produces  a  vicious  circle;  values  of  ki  are  needed 
to  determine  t,  and  tj,  and  vice  versa.  Therefore,  iteration 
is  required. 


The  procedure  for  an  iterative  solution  is: 

1.  Make  a  reasonable  guess  at  t>  and  t>. 

2.  Use  Equations  (8.3.S.2e),  <3.3.?  2f y ,  and  (8.3,3.2g)  to 
determine  the  ti*  values. 

3.  Use  Equations  (8.3.3.2b,,  (8  3.3.2c),  and  (8.3.3.2d)  to 
determine  the  k,  values. 


and  values  of  ki  are 


4.  From  Equation  (8.3.3.2a),  determine  Q. 


k,  -•  a,t,  4-  b, 
k2  —  a..t2  4-  b* 
k;(  “  ft,ta  4-  b-j 


(Eq  8.3.3.2b) 
(Eq  8.3.3.2c) 
(Eq  B.3.3.2d) 


where  values  for  a>  and  h,  are  given  constants  for  the 
particular  intervals.  Also 


(Eq  8.3.3.2s) 


t/  =  t,  -  =  |-(t,  4- 


(Eq  &.3.Z  21  > 


w  - 1,  =  i-(t,  + 1,) 


B.  Since  values  are  known  fer  k,,  once  again  compute  t; 
and  t,  using  Equations  (8.3.3.2i)  and  (8.3.3.2j). 

6.  Repeat  steps  2  through  5  until  two  successive  values 
for  Q  agree. 

This  problem  converges  easily  to  a  solution  with  the 
simplest  iterative  sc)  erne,  x f  (x,  y,  z) .  Experience  has 
shown  that  the  initia;  estimates  of  the  internal  tempera¬ 
tures  are  not  ritical.  except  that  ti  must  bo  greater  then 
ti,  which  oust  be  greater  than  t.,  etc. 

Data  used  in  this  example  are:  for  layer  1,  b,  —  0.0623, 
a,  =  0.00010;  for  iayer  2,  b,  0.0255,  a,  =  0.00005;  for 
layer  3,  b,  2.4395,  a,  0.00060;  t,  —  1400  F;  t.  —  200 
F;  x,  --  2.15  in.;  x;  2.0  in.;  ar.d  x,  ~  6.0  in. 


(Eq  8.3.3.2g) 

V  =  t,  -  +  ti) 

Temperatures  tj  and  t,  are  net  known. 


Figure  8.3.3.21)  shows  the  iterated  solution  to  this  problem 
with  Q  25.38  Btu/min  with  the  corresponding  mean  tem¬ 
perature  t,',  ti  and  t,'. 

Although  nnvi  rgence  is  possioh  in  this  problem,  this  is 
not  true  f<~r  all  situations.  A  mathematical  procedure  of 
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this  type  io  valid  only  within  a  certain  rang*  of  Minted 
data. 


PQaO.O 

READ!  5.2)  M .32.G3.T1.T4.X1.X2.X3 

1  READ (5.21  A1.A2.A3 

2  FORMAT  ( 1 IF  10.6 ) 

T2»2.0*( Tl-T4)/3.0+T4 
T3»i T1-T4J/3.0+T4 

3  T IB*. 5* ( T 1+  T  2 ) 

T2B«.5*( T2+T3) 

T  38* • 5* 1 T  3+T4 ) 

*1*A1*T1B*B1 
Z2*A2»T28+B2 
Z3*A3*  ( 3B+33 

Q*<T1-T4)/(X1/Z1  +  X2/Z2+XVZ3^ 
WRITE! 6*2 )  Q.T13.T2B.T3B 
IF! ABSiPQ-0)-. 00005)  1*1*4 

4  PQ»Q 
T3*T4-fX3/Z3#0 
T2*T1~X1/Z1*Q 
GO  TO  3 

END 


Iteration 

Q 

V 

t.' 

t,' 

1 

215.925668 

1200.0000 

800.00000 

400.00000 

2 

26.146838 

1241.2234 

671.36960 

230  14618 

3 

26.385972 

1254.9914 

04.26925 

229.26788 

4 

25.38473'* 

1264.6866 

684.23785 

229.55224 

5 

25.384376 

1264.669: 

684.21 790 

229.54884 

6 

25.384383 

1254.6698 

384.21825 

229.64845 

Figure  8.3.3.2b.  Program  and  Printout  fee  Heat 
Transfer  Problem 


8.3.S.S  ROCKER  ARM  CAM  PROBLEM,  figure  S.3.3.3 
shows  a  rocker  arm  and  cam  to  be  used  in  a  fuel  pump. 
Specified  sre: 

1)  Axis  of  rotation  of  the  off-center  circular  cam  (X.,  Yi) 

2)  Eccentricity,  E.  and  radius,  R,  of  cam 


Figure  £.3.3.3.  Fuel  Pump  Rocker  Arm  and  Cam  Discueaad 
In  Example  Problem 


pressions  for  B  and  L.  Fcr  the  high  position  of  the  rocker 
arm 


(Eq  13.3.3a) 


B  =  90  degr  -  y  -  arc  sin 


Fo»-  the  low  position  of  the  rocker  arm 

(Eq  8.3.3.3b) 

L  ~  A  sin  (90  deg  —  B  —  y  —  a)  -  (R  —  E) 

Because  of  the  transcendental  functions  these  equations 
may  not  be  solved  explicitly  for  both  L  and  B. 

The  direct  iterative  procedure  for  solution  is: 

t.  Make  a  reasonable  guess  at  L 

2.  Determine  B  from  Equation  (8.3.3.3a) 

3.  Use  this  value  of  B  in  Equation  '8.3.3.3b)  to  obtain  a 
value  for  L 


3)  Axis  of  rotation  of  rocker  arm  (X„  Y,) 

4)  Required  angular  rotation,  «,  of  rocker  arm  to  give  de- 
si  reil  travel  of  pull  rod. 

To  be  determined  arc  the  necessary  angle,  0,  between 
rocker  arm  and  vertical  axis;  and  the  necessary  offset,  L, 

for  rocker  arm. 

F'r.-d,  boundary  conditions  s«  considered  to  obtain  es 


4.  Repeat  steps  2  and  3  until  two  successive  values  for  L 
agree. 

This  model  requires  iteration  for  the  bc.sic  'ariables  B 
and  L.  In  practice,  many  other  parameters  are  to  be  speci¬ 
fied  tnd  can  be  computed  directly  once  B  and  L  have  been 
determined. 

Tnis  esse  is  interesting  because  the  straightforward  iter¬ 
ation  procedure  diverges.  If  Equations  18.3.3.3a)  and 
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(fl.A.S.Sb'  art  stated  as  B  *=  f,  (L),  L  f,(B),  then  a 
successful  iterative  equation  to  eplace  Equation  (8.3  3.3b). 
in  etep  3  is 

(Eq  8.3. S.ic) 

.  .  It, in  ,  l,)\ 

I.,.,  -  M  ^ - 2 - ) 

where  B..,  =  fi(L,). 

With  this  iterative  procedure,  convergence  is  relatively 
slow.  An  attempt  to  improve  the  convergence  using  the 
Newton-Raphaon  technique  gives  a  divergent  iterative 
scheme.  However,  a  modification  of  the  procedure  shown 
does  improve  convergence.  The  improvement  is  made 
simply  by  changing  the  equation  to  read 

(Eq  8.3.3.3d) 

L,„  =  L,  -  [MB,.,)  -  L.j 

Although  this  approach  is  obviously  dangerous  because 
arbitrary  changes  in  the  iterative  equation  are  not  ea*ily 
justified,  for  this  problem  it  does  work.  This  manipulation 
also  shows  that  experimentation  with  techniques  is  neces¬ 
sary  in  seme  instances  when  standard  approaches  fail; 
howe  ttv,  it  is  imoortant  to  have  some  way  of  judging  cor¬ 
rectness  of  the  results. 

Tne  direct  and  Newton- Raphson  iterative  techniques  are 
not  the  only  procedure,,  available.  For  example,  wide  us 
has  been  made  of  a  procedure  credited  to  J.  K.  Wegstein 
of  the  National  Bureau  of  Standards.  The  Wegstein  method 
does  not  require  evaluation  of  the  first  derivative  and 
therefore  is  a  powerful  tool  .in  cases  where  the  first  de- 
rivati'  ?  is  difficult  or  impossible  to  evaluate. 

Both  the  New  on-Raphson  and  Wegstein  methods  may  be 
extended  to  solve  simultaneous  equations 


Figure  8.3.3.4a.  Double  Helical  Spring  Analyzed  in 
Example  Problem 

Winding  torque  for  ultimate  stress  of  the  material  is 

M  §4**!  (Eq  8.3.3.4b) 

o 


8.S.3.4  SPRING  DESIGN.  The  design  of  springs  is  an  ex¬ 
cellent  computer  application.  The  following  example  con¬ 
cerns  the  design  of  a  particular  type  of  spring,  but  the 
general  method  of  solution  by  computer  applies  to  almost 
any  spring  problem. 

A  double  helical  spring  is,  to  support  a  given  torque  wind¬ 
ing.  Mean  diameter  :inrt  length  of  the  spring  must  be 
within  set  limits,  and  length  must  be  as  small  as  possible. 
The  variables  specified  (subscript  1  refers  to  inner  spring, 
subscript  2  to  outer  spring)  are:  winding  torque,  M,,  M-; 
maximum  selected  stress,  or  ultimate  stress,  of  material. 
Si,  S.-;  maximum  torsion  angle,  T,,  T:;  required  spacing 
between  turn,  K,.  K.-;  inquired  spacing  between  coils,  C; 
and  Young’s  modulus,  E.  Find:  h,,  h.  (Figure  8.3.3.4a)  : 
bi,  b:  (Figure  8.3.3.4a);  D„  (spring  diameter);  L,,  I« 
(spring  length)  ;  N,,  N:  (number  of  turns  in  the  springs). 


Cuter  length  is 


(Eq  8.3.3.4c) 

L,  =  (N,  -(  1)  (b,  +  K.) 

Inner  diameter  is 

(Eq  8.3.3.4d) 

D,  =  D,  -  h,  -  h,  -  2C 


For  the  outer  spring,  five  variables  (h  b:,  D.,  L„,  N:)  must 
be  determined,  but  there  are  only  three  equations  which 
apply.  One  approach  to  obtaining  a  solution  is  as  follows: 


1.  Set  D.  (because  limit  exists),  and  N,  (because  this 
mast  be  either  an  integer  or  an  integer  plus  0.5  —  suc¬ 
cessive  guesses  will  be  simp'er) 


Winding  torque  for  a  given  torsion  angle  is 


2.  With  Equations  (8.3.3.4a)  and  (8.3  3.4b),  solve  for  h: 


E  b  h‘  T 
*3.6  DN 


(Eq  8.3.3.4a) 


h. 


1.1  D.S.N 

ETj 


(Eq  8.3.3.4«) 
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3.  From  Equation  (8.3.3.4b), 


bj 


Sj? 


(Eq  C.3.S.4f) 


4.  Find  spring  length  from 


(Eq  t.3.3.4c) 

L,  (N,  i  I  Mb.,  I  K.) 


Thin  provides  the  parameters  for  the  outer  spring.  At  this 
point  it  ia  nr-issary  to  make  an  additional  guess  for  the 
inner  spring. 


6.  Set  N,.  then  solve  I>,  I)  h,  h,  2C’  and  h,  1.1 
DiSiN,  (FT,)  simultaneously  for  h,  to  obtain 

(Eq  8.3.3.4h) 

.  1.IS,N,(D,  h,  2C) 

hi  — et,  rrrsT^; — 

ti.  From  Equation  (8.3.3.4b) 

b,  (El  8.3.3.41) 

bkhr 

7.  Finally 

L,  (Nj  i  l)(b:  f  K-)  (Eq  8.3.3.4J) 
I.  must  be  equal  to  I.,. 


A  decision  must  now  b>>  made  to  accept  or  reject  this  de- 
sigr.  In  case  of  rejection,  the  selection  for  !).•,  N«.  and  N, 
can  be  modified  and  the  indicated  calculations  repeated.  A 
logic  diagram  of  this  procedure  is  shown  in  Figure  8.3.3.4b. 


mmiACIi*''  OESIG*- 


Figure  8.3.3.4b.  Logic  Diagram  of  Procedure  for  Designing 
Double  Helical  Spring 

The  question  of  how  to  modify  the  selection  of  I),  N  ,  and 
N  must  In-  considered.  The  mathematical  nature  of  the 
problem  inon-iinenr  equations  with  an  infinite  number  of 


aolutions)  does  not  permit  use  of  the  iterative  techniques 
mentioned  thus  far.  Two  possible  procedures  for  varying 
the  selection  an  mattering  and  trarch. 

Both  of  these  procedures  assume  the  existence  of  s  maxi¬ 
mum  or  minimum  for  the  function  G  which  is  used  to  de¬ 
note  acceptability.  For  the  preceding  problem  this  func¬ 
tion  is  (I  L.  I,. ;  G(D,,  N„N,). 


Scattering.  A  set  of  selected  values  for  I),  and  h,  (in  three 
dimenaions:  I»„  N>,  and  N,,  which  create  a  grid  covering 
the  possible  range  in  both  D»  and  N*  is  used  to  compute 
corresponding  values  for  G.  The  grid  is  shown  in  Figure 
8.3.3.4c  as  a  sot  of  O’s.  A  smaller  area  *s  sel  icted  around 
the  minimum  G  and  the  process  is  repeated,  as  indicated 
by  the  Ys. 


O  FUST  TSIAL  PCX  NTS 
AMCONDWIAl  fOINTS 


allowable  bange - -I 

ECS  Nj  1 


Figure  8.3.3.dc.  Example  of  "Scattering"  Method  of 
Modifying  D),  N„  and  N,  in  Helical 
Spring  Problem 

T'iis  corresponds  to  the  familiar  trial  and  error  approach, 
except  that  many  tries  may  be  run  at  one  time  on  a  com¬ 
puter.  Each  solution  may  be  tr’ed  to  determine  if  it  meets 
secondary  design  criteria.  In  the  spring  problem,  a  mini- 
rm_m  Lj  I,,!  is  not  sufficient  for  a  good  design;  the 
ratios  h./t„,  h«/b..,  and  h,  h,  are  also  important.  It  is  quite 
probable  that  the  spring  finally  selected  will  have  a  small 
but  not  the  smallest  |I,.  -  L,l. 

Search.  One  starting  point  in  n  dimensions  is  selected 
(shown  in  Figure  8.3  3. Id  for  the  two-dimensional  caso). 

For  each  variable  in  turn 

1.  The  variable  is  change,,  by  some  small  amount  and  G 
is  recomputed. 

2.  If  G  decreases,  step  l  is  repeated  until  G  begins  to  in¬ 
crease.  and  then  the  variable  is  set  to  correspond  to  the 
smallest  G. 
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Figure  8.3.3.4d.  "Search"  Method  cf  Modifying  D>,  N>,  and 
N,  in  Helical  Sp  fng  Proulai.i 

3.  If  G  increases  for  step  i,  an  equal  change  is  made  to 
move  in  the  opposite  direction  in  a  manner  similar  to 
step  2. 

Steps  1,  2,  and  3  are  repeated  for  each  variable  until  new 
changes  within  the  practical  bounds  fail  to  decrease  G 
significantly. 

This  method  moves  moro  quickly  to  the  solution  than  scat¬ 
tering  and  represents  a  more  fully  automated  procedure. 
However,  the  behavior  of  *he  function  (in  this  case,  G) 
must  be  well  understood.  Discontinuities  or  lesser  mini¬ 
mum*  can  destroy  the  effectiveness  of  the  method. 

It  is  possible  to  add  other  selection  criteria  in  the  search 
technique.  For  example,  the  material  cost  might  be  used, 
so  that  the  selected  spring  has  the  lowest  material  cost  of 
those  designs  with  a  value  of  G  within  a  specified  range. 


where  m  is  the  row  number  and  n  the  column  number. 


2.  The  column  (column-vector)  matrix 


B 


"  b,  ~ 
b. 


(Eq  8.3.4.1b) 


Addiiion  and  Multiplication.  The  most  common  application 
of  matrix  notation  is  in  transformations,  which  are  vciy 
useful  for  motion  prob'ems.  A  linear  transformation  can  bo 
expressed  as  the  addition  of  two  column  matrices.  Figure 
8.3.4.1a  illustrstrs  a  linear  transformation  of  the  coordi¬ 
nates  for  point  1'  from  the  x,  y,  and  z  coordinates  to  the 
x\  y\  and  t'  coordinates.  If  the  coordinates  of  1*  in  the 
unprimed  (.ooruinate  system  are  represented  by  the  column 
matrix 


A 


the  coordinates  of  O'  are  represented  by 


(Eq  8.3. A.  lc) 


B  - 


(Eq  8.3  4.  Id) 


and  the  coordinates  of  P  in  the  primed  system  by 


X' 


C 


(Eq  8.3.4.1a) 


Thus,  transformation  (shift  in  space)  from  an  unprimed 
to  a  primed  system  cun  be  expressed  as  C  A  B  or 


>■  s  <  >■ _ i  T-  .  i._: - 

o.j.s  muic  nuvniiLcu  i  «unm;uc» 

Because  of  their  high  operating  speeds,  digital  computers 
are  useful  where  a  great  number  of  repetitive  calculations 
are  necessary.  This  capability  is  especially  valuable  for 
handling  such  complex  mathematical  techniques  as  matrix 
calculations,  eigenvalue  problems,  partial  differentiation, 
and  relaxation. 


8.3.4. 1  MATRICES.  A  matrix  is  simply  an  array  of  num¬ 
bers.  There  are  two  basic  forms  which  are  of  interest  to 
the  computer  user : 


1.  The  rectangular  matrix 


A  - 


Bn  812 
&21  ft-' 


a.„ 


(Eq  8.3.4.1a} 


(Eq  8.3.4.H) 


The  inverse  transformation  is  A  C  I  B  or 


X 

X'  +  x„ 

y 

r- 

y'  +  y« 

_  z  _ 

.  z'  +  z„  _ 

\tq  8.3.4.  lg) 


Another  common  type  of  point  translation  is  rotation 
about  an  axis,  (see  Figure  8.3.4.1b).  The  illustrated  rota¬ 
tion  of  point  P  about  the  z  axis  th lough  angle  t>  can  be 
exprer.sed 


X*  —  cos  0  x  I  sirttfy  (Eq8.3.4.1h) 
>  =  sin  0  x  I  cos  (9  y 
z'  —  z 


•Mill  a  J 


or  in  matrix  netuiie  i:  A  BC 
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Figure  8.3.4.1a.  Linear  Transformation  of  Coordinates  of 
Point  P  from  x,  y,  and  z  Coordinates  to 
x', ,  y'.  and  i  Coordinates 

(A  transformation  ot  this  type  can  be  expressed  as  the  addition  o t  two 
column  matrices.) 


where 

(Eq  8.3.4.11) 


x' 

cose  sind  0 

X 

y' 

B  = 

-  sin  0  cos  e  0 

C  = 

y 

_Z'  _ 

.  0  0  1. 

_  z  _ 

Frequently  it  is  necessary  to  transform  from  an  unprimed 
coordinate  system  to  a  primed  coordinate  system  which  is 
both  linearly  and  rotationally  different  (see  Figure 
8.3. 4. !c).  This  requires  both  matrix  addition  and  multipli¬ 
cation.  With  known  coordinates  x,  y,  and  z  of  P,  the  trans¬ 
formation  to  primed  coordinates  is 

X'  -  O.X  4-  0,y  +  y,Z  +  X|| 

y'  -  a,.X  4-  0-y  .  y  .Z  +  y«  (Eq8.3.4.1J) 

z'  =  a,x  4-  0,y  4-  y,z  4-  z„ 

where  («.,  p><  7>) .  («:,  fa,  yt),  and  ( ■>,  fa,  y,)  are  the  di¬ 

rection  cosines  of  the  x',  v',  and  z’  axes  in  the  x.  y,  z  co¬ 
ordinate  system.  In  matrix  notation  this  is:  A  —  BC  4-  D. 


Figure  8.3.4.1b.  Rotation  of  Pol.it  About  an  Axis 

(This  can  be  expressed  as  matrix  multiplication.) 


^  Y ‘ 


Figure  8.3.4.1c.  Transformation  of  Point  P  from  One 
Coordinate  System  to  Another  Both 

Llnasrfy  and  Ksieiicrtslfy  Different 


Transposition.  The  transpose  of  a  matrix  is  obtained  by 
interchanging  row*  and  columns  in  the  matrix.  For  ex¬ 
ample,  the  transpose  of 


Then,  the  inverse  transformation  from  prime  to  unprimed 
coordinate  system  for  the  case  under  discussion  can  be 
expressed  C  =  B'(A  —  D). 


is 


B  = 


B'  = 


«!  01  Yl 
a  s  ft-.  y  -i 
«.i  0;.  y  I  _ 


ai  aa  a i 
01  02  0:i 

yi  yi  r>  . 


(Eq  8.3.4.1k) 


(Eq  8.3.4.11) 


8.S.4.2  SIMULTANEOUS  EQUATIONS.  A  major  applica¬ 
tion  of  computers  is  handling  the  solution  of  large  sets  of 
simultaneous  equations  which  may  occur  in  such  engineer¬ 
ing  areas  as  stress  analysis,  statistical  least  squares,  and 
circuit  analysis.  One  example  is  the  ci  euit  shown  in  Figure 
8.3. 4. 2.  Values  of  the  resistances  are  known,  and  the  cur¬ 
rents  are  to  be  determined.  For  this  circuit,' Kirehhoff's  law 
can  be  used  to  establish  the  set  of  linear  equations  shown 
in  Figure  8.3.4.2. 
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Figure  8.B.4.2.  Circuit  Yielding  Numerous  Simultaneous 
Equations 

{Set  ot  linear  equations  shown  is  based  on  Kirchhofl's  Law.) 

Matrix  notation  is  particularly  useful  when  dealing  with 
large  sets  of  linear  equations.  Fo.-  example,  the  preceding 
set  of  equations  may  be  represented  by  AX  —  B.  The  solu¬ 
tion  of  such  a  set  of  equations  can  be  obtained  by  one  of 
several  exact  methods  or  by  one  of  many  iterative  methods. 
Both  methods  arc  used  in  computer  programming,  but  the 
exact  method  is  preferred  for  its  accuracy  and  reliability. 
However,  the  size  cf  the  equation  set  may  prevent  the  use 
of  this  method.  The  iterative  methoa  requires  considerably 
less  computer  memory  for  the  handiing  of  simultaneous 
equations. 

In  matrix  notation,  the  solution  of  the  equations  AX  —  B 
is  equivalent  to  finding  the  inverse  A  '  of  the  matrix  A. 
One  of  the  properties  of  A  1  is  A  'A  =  I,  where  I  is  th" 
identity  matrix  with  the  form 


add  a  column -a  unit  vector— which  contains  a  1  in  the 
first  row  and  zeros  elsewhere.  At  the  same  time,  add  n  row 
— called  Iht  pivot  row — denoted  by  [  j.  Then  perform  the 
following  computations  to  arrive  at  a  new  array: 

1.  For  the  pivot-row  elements 

a,,. |  (Eq  8.3.4.2c) 

a,,  i 

whete  j  1, 2,  •  •  >,  n. 

2.  For  all  other  elements,  compute  a  new  value 

(Eq  B  3.4.2J) 

a,./  a,.,.,  (a,,.)  (a,,,) 

where  i  1, 2,  •  •  •,  n. 

3.  As  a  result  of  step  2,  all  the  new  elements  of  row  1  are 
zero.  This  row  is  di  opped,  and  the  remaining  n  rows  renum¬ 
bered  1  through  n.  Thus,  for  the  last  row 

a,,/  a,..,  (Eq  8.3.4.2a) 

4.  Add  a  new  unit  vector  and  pivot  row  and  repeat  steps 

1.  2,  and  3  a  total  of  n  times.  The  resulting  array  is  the 

inverse  of  the  original  matrix. 

For  a  set  of  simultaneous  equation  such  as 

(Eq  8.3.4.20 

a,,x,  +  a,,x.  f  •  •  •  4-  a,„x„  :  b, 


(Eq  8.3.4.2a) 


Diagonal  elements  have  a  value  of  one,  and  ail  other  ele¬ 
ments  are  zero.  If  a  matrix  is  multiplied  by  the  I  matrix, 
its  value  is  unchanged,  and  IX  =  X.  Therefore,  if  bo*h  sides 
of  AX  —  B  are  multiplied  by  A'1,  the  result  is  X  --  A  'B. 
Thus,  a  simultaneous  equation  can  be  solved  by  calculating 
the  inverse  of  the  coefficient  matrix. 

Matrix  inversion  can  be  done  by  elimination.  This  is  an 
exact  method,  illustrated  by  the  following  example: 

Given  the  coefficient  mat-ix 


an!x,  +  a„,x.  f  •  •  •  4  a„nxn  =  b„ 

the  solution  can  be  obtained  directly  by  starting  with  an 
n  +  1  by  n  array  in  which  the  original  matrix  is  augmented 
by  the  b  vector.  If  vrlucs  of  x  ere  required  for  more  than 
one  set  of  b  values,  the  additional  b  vectors  can  bt  incor¬ 
porated  in  the  original  array,  thus 

(Eq  8.3.4.2g) 

a,,  a,,  •  •  •  a,n  b,,  b,, 
a..,  a,.  •  •  *  a,„  b..,  b_... 

•  •  •  •  ♦ 

•  •  •  •  • 

&nl  b,j» 


fill  fli^  fi  j  ;l 
fiji  fl-.'i'  fij:t 


□  □□ 


(Eq  8.3.4.2b) 

•  bin 

-  a_.„ 


*  &nn 

*  D 


Using  the  preceding  four-ste^  procedure  on  this  m  by  n 
matrix  a  total  of  m  times  gives  the  array 

(Eq  8.3.4.2b) 


X,, 

x„  a,/ 

a,/  • 

•  «  a,/ 

X-t 

x  ...  a../ 

a./  • 

•  •  a,/ 

• 

•  • 

• 

• 

• 

•  • 

<* 

• 

Xnl 

flnl 

a„/  • 

•  •  a„n' 
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where  the  a,,,'  are  the  element*  >f  the  iii verse  of  the  original 
coefficient  matrix,  and  the  x,,i  are  the  solution*  for  each  of 
the  two  b  vector#  of  the  matiix  equa  ion  AX  B. 

8.3.4. 3  DIFFERENTIAL  EQUATIONS.  In  addition  to 
their  usefulnea#  for  problem*  presented  directly  in  matrix 
form,  matrix  method*  huvc  also  been  used  extensively  for 
solving  differential  equations  and  eigenvalue  problems  asso¬ 
ciated  with  differential  equations.  The  example  shown  here 
illustrates  the  use  of  a  computer  in  handling  sets  of  differ¬ 
ential  equations.  It  illustrates  the  meaning  of  eigenvalue 
for  a  set  of  differential  equations  which  describe  the  motion 
of  a  mechanical  system. 

The  problem  is  to  find  the  normal  modes  of  oscillation  of 
the  system  shown  in  Figure  8.3.4.3a. 


—  A  I  GB  —  C  0 

m  rn 

-  —  B  I  GC  0 
m 

where  (I  (2k/m)  w.  This  can  be  written  in  matrix 
form  os 


(Eq  8.3.4.3d) 


or  more  simply, 


(D  -«.•'!)  X  =  0  (Eq  8.3.4.3a) 

For  A,  B,  and  C  to  satisfy  Equation  (8.3.4.3c),  the  de¬ 
terminant  of  the  coefficient  matrix  must  vanish.  In  other 
words 


Figure  8.3.4.3a.  Spring  and  Maas  System 

(Dilterenlial  aquations  of  motion  associated  with  this  system  provide 
an  excellent  application  tor  computer  handling.) 


The  differential  equations  of  motion  are 


(Eq  8.3.4.3a) 


mx,  = 

-  kx,  4-  k(x2 

~  X,)  =•  k(x, 

mx,.  - 

k(x,  x,) 

-  k  ( X—  -  x.) 

= 

k(2x,.  -  x, 

-  x) 

mx,  = 

'.  x,  4  k(x. 

x,)  -  k(x2 

det  |  (D  -  **I)  |-0  (Eq  8.3.4.31) 

Evaluating  the  determinant  for  Equation  (f.3.4.Sc)  and 
equating  it  to  zero  gives  a  polynomial — called  the  charac¬ 
teristic  equation — in  V 

(Eq  8.3.4.3g) 


Roots  are 


One  procedure  for  solving  these  differential  equations  is  U> 
assume  solutions  of  the  form 


(Eq  8.3.4.3b) 

X,  Ae  ;  x-  -  Be""1  ;  x,  -  Ce'“’ 

Substituting  these  into  Equation  (8. ".4. 3a),  performing  the 
indicated  differentiations,  and  rearranging  terms  gives 

GA  -  —  B  -  0  (Eq  8.3.4.3£) 
m 


U»1 


3 


O'j1  — 


2k 

IT 


v  m 


(Eq  8.3.4.3h) 


The  values  of  w  which  satisfy  these  equations  are  called 
eigenvalues.  In  general,  values  of  <*  which  satisfy  Equation 
(3.3.4. 3e)  are  eigenvalues.  Vector  X  is  called  the  eigen¬ 
vector.  For  this  problem  the  eigenvalues  give  the  natural 
modes  of  vibration  for  the  mass-spring  system.  This  calcu¬ 
lation  of  eigenvalues  for  differential  eouations  is  termed 
frequency  analysis. 
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So'ving  differential  equations  in  motion  problems  amount* 
to  determining  the  displacement*  as  a  function  of  time.  This 
is  called  amplitude  analysis.  Both  frequency  analysis  and 
amplitude  analysis  are  important  computer  applications. 


The  spring  and  ni,.ss  system  shown  in  Figure  8.3.4.3b  can 
be  used  to  illustrate  a  computer  solution  to  a  frequency 
analysis.  The  differential  equations  which  describe  this  sys 
tern  are 


(Eq  8.1.4.31) 


dJX, 

dV 

d-x: 

dV 

d-'0, 

dt- 

dJ0, 

dt* 

where  the  a>  , 
the  masses. 


a,,x, 

I  a,  .x. 

1  a,,.?, 

4  a  ,..v. 

0 

a„x, 

i  a.x. 

4  a.,0, 

(  a_,,0_. 

0 

a,.x, 

1  a:,x... 

4-  a,,0, 

4  a  ,6, 

•-  0 

a^x, 

4 

4-  a,,.", 

4  a„0. 

0 

values  depend  on  the  spring  constants  and 


Assume  solutions  of  the  form 


x,  -  x„,C08<.it  (Eq  8.3.4  3)) 

0,  -  0|n  COS  <ot 
Xj  =  X,„  208  <.  t 
6.-9  cos  «»t 


where  x»,  x  and  l»  are  the  initial  displacements.  The 
appropriate  differentiations  and  substitutions  give  a  homo¬ 
geneous  set  of  linear  equations  of  the  form 


(Eq  8.3.4.3k) 


_  _  — 

i 

j 

r~  n 

Hu  tt \  ■>  H i  q  H14 

Ain 

a  m  « 

Hit  aa:.  Am 

x..„ 

r..*  w- 

fcu  a  i-j  a:u  a, 4 

0|« 

a<t  tu  a,,  a, 4 

The  iterative  procedure  tor  the  solution  of  these  equations 
involves  the  following  steps: 

1.  With  xlu  —  x»  —  0m  —  9-  =  1,  evaluate  the  left-hand  side 
for  new  valuer  of  w’x,,,,  v\x*„  u'f,,,  and  ;  that  is,  w’x„,  ^ 
a..x„  -f  a»x»  4-  a iA»  4*  a,.«»,  and  so  on. 

2.  "Normalise"  for  new  guesses  at  Xja,  8m,  and  «„  by  set¬ 
ting  x,.  =  1;  *i.  -  v»m/  (w’x„.) ;  xm  —  «'x»,/(i>,x,..) ;  flx»,  -  - 
•»’*»/ (w’x  w). 

3.  Repeat  steps  1  and  2  until  successive  value*  of  X|Nf  X.m, 
and  l»  are  very  clos  At  this  time,  convergence  has  oc¬ 
curred  and  «'  can  be  computed. 


Figure  8.3.4.3b.  Spriny  and  Maas  System 

(Solution  of  this  problem  illustrates  frequency  ana./sl-, .) 


4.  U,)on  convergence,  wJ  can  be  evaluated  from  the  given 
value  of  w’x,.,,  or  w'x,„  K. 

The  iterative  solution  for  w;  of  the  sample  set  of  coefficients : 

(Eq  8.3.4.31) 


4  929 

332 

4  3690 

3590 

X, 

x, 

--  748 

f  748 

8O«0 

4  8090 

x. 

or 

x, 

4-  1.17 

4.17 

\  36,400 

11,760 

9, 

9, 

14.31 

i  14.31 

40,300 

t  49,300 

9, 

9- 

— 

is 


(Eq  8.3.4.3m) 


X, 

X, 

0, 

9, 

1 

t 

1 

1 

1 

2 

597 

0 

23,640 

0 

3 

143,085 

321,095 

I,401,7'i3 

1,595,813 

4 

76,883 

171,908 

477,975 

844,314 

5 

63,414 

141,558 

349,233 

693,154 

6 

60,681 

135,398 

323,51 1 

662,485 

7 

60,002 

133,869 

317,130 

654,870 

8 

59,825 

133,468 

315,460 

652,876 

9 

59,777 

133,362 

315,017 

652,347 

From 

this,  w’ 

59,777. 

Since 

x,„  is  to  be 

set  equal  to  1 

,  then  w"  K 

In  clarification 

of  the  preceding  solution,  it  should  be  remembered  that  the 
set.  vf  equations  has  no  constant  term  ~  it  is  homogeneous, 
tlc  '.entially  this  means  that  there  are  ar,  infinite  number 
of  . .utions  which  satisfy  the  equations.  This  is  ~easonable 
wi.en  the  physical  system  under  consideration  is  examined. 
In  a  vibration  problem  of  this  k*nd  the  initial  displacements 


I3SUEO:  NOVEMBER  1968 
SUPERSEDES:  MAY  1964 


8.3.4  -5 


i 

L. 


PARTIAL  DIFFERENTIAL  EQUATIONS 


Digit  At  computfrs 


v  .  \  ,  mid  n  imi.it  lie  expected  to  take  on  different 
vultici.  In  the  above  procedure  a  value  of  wan  wlfcted, 
which  t' tii  fixed  the  ve\i"i  of  the  variable*  x  .ai*  and 

•ind  allowed  «  t<.  he  determined. 

A  similar  iterative  scheme,  without  the  normalization  step, 
can  h  -  used  to  solve  sets  of  non-homogeneous  linear  equa¬ 
tions. 

8.3  1.1  PARTI  VI  DIFFERENTIAL  EQUATIONS.  Many 
engineering  problems  involve  the  handling  of  partial  dif¬ 
ferential  equation*.  These  equations  fall  into  three  classes : 


Then,  at  any  point  <)  the  first  derivative  with  reapeet  to  r 
can  tie  approximated  In  one  of  two  ways: 


or 


(tq  C.3.4.4*) 


(Eq  8.3.4.41) 


The  second  derivative  ran  be  approximated  aa 


1.  Elliptical  equation*  (descr  blng  potential  fields) 

V' -<t>  -  K(X,  y,  z)  (Eq  8.3.4.4a) 


(Jl±\ 

r>  ^  \  ax  /,  \  fix  / 

ax*  ~  AX 


(Eq  8.3.4.4c) 


2.  Parabolic  equations  (deserving  heat  flow  and  dilTuaion) 


v  K  at 


(Eq  8.3.4.4b) 


3.  Hyperbolic  equation!  (describing  wave  actk.ii) 

V!*  =  -(F^7-  (Er  8.3.4.4c! 


_  ’  2d>„ 

(AX)* 

Derivatives  in  the  y  direction  can  be  obtained  in  the  tame 
way.  With  this  procedure,  any  partial  differential  equation 
can  be  reduced  to  a  difference  equation  which  can  be  aoived 
on  a  computet. 


In  these  equations  V'  is  the  Laplacian  operator  in  recti¬ 
linear  coordinates 


V>  „  -££-  +  +  -Sir  (Eq  IMMI 

axJ  Pz~ 


The  following  problem  Illustrates  the  use  of  the  relaxation 
technique  to  the  solution  of  a  partial  differential  equation. 
Find  the  potential  distribution  in  a  square  whose  sides  are 
maintained  at  voltages  (V,)«,  (V.)n,  (V,)i,,  an'  (Vi)n,  (see 
Figure  8.3.4.4b). 


A  basic  approach  to  handling  partial  differential  equations 
when  describing  a  particular  material  or  space  is  to  create 
a  grid  of  points  covering  the  space,  (see  Figure  8.3.1.4a). 


Figure  8.3.4.4a.  Point  QrM  Uaad  In  Handling  Paibal 
Differential  Equations  Describing  a 
Material  or  Space 


Figure  8.3.4.4b.  Square  with  Sides  Maintained  at 
Given  Voltages 

(Discussed  in  exsmple  problem  Illustrating  relaxation  txhnlques.) 


If  there  is  no  charge  within  the  square,  the  potential  dictri- 
buiion  is  defined  by  the  Laplace  equation, 


3*V  VV 

ax'  +  3y* 


=  0 


(Eq  8.3.4.4b) 
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Setting  up  square  grid  system  to  cover  the  aqua.e  for  the 
genet  al  point  A  give*  the  following  approximations  .‘or  the 
partial  derivativea 

(Lq  8.3.4.41) 


a*v 

?x* 


V,  f  V,  -  2V„ 


Similar  ly,  for  the  y  dimension 


(Eq  8.3.4.4|) 


dimension  vi^r  ■.)  .Rtrcr.roci 
rcad  :  *>,? )  v.f.N.OEt 
rof?"AT(r  n  i ■>« t ?'' •  n 

L«v-1 
l.  1  >  N-l 

no  •>  i-?,l 

on  •>  j  -  r  ,  L  1 

j-i  m 

p 1 1  i-i  )+v(  i*i : ♦  v t  j— i  i  v  , .i *- 1 1 ■  4«*v 

V  •? 

PC  '  I-2.L 
Du  9  J*7.L1 
RA3»APS(R«  !*  M  ) 

IF(RAP-DCL)  9,C,fl 
K.*l 

RDEL  «R ( t ,J)/4.0 
(CL*L*(  J-l  )♦! 

V  ( KL  )*■  >'(  K  L  )  +PVF  i 

tm  *  j )  *  * . 

R> 1-1 . J  > - R ( 1-1 .  J  l  +  RDEL 
R ( 1  + 1  * J I »R ( 1  +  1 »J  H-70FL 
R( I . J-l)-R( I . J-l  l+RDEL 
R( I . J+l ) *R( I » J+l  )  +  RDFL 
CONTINUE 
GO  TO  <  4  »  1 1 )  *  K 
CONTINUE 

V  RITE  ('•,12/  V 
FORMAT  (FK.2) 

;  op 

END 


Figure  8.3.4.4c.  FORTRAN  Frog  ran.  Illustrating  Relaxation 
Technique  of  Figure  8.3.4.4b 


Then,  Equation  (8.3.4.4h)  becomes 

(Eq  8.3.4.4k) 

V,  +  V,  +  V,  f  V,  -  4VU  =  0 

This  ia  the  basic  relaxation  equation.  It  ia  applied  in  the 
ft  Mowing  way: 

1.  A  8r*t  guess  at  the  potential  of  each  point  on  the  grid  is 
made  on  the  of  the  known  boundary  conditions. 

2.  Moving  systematically  through  the  points  of  the  grid, 
compute  the  quantity  called  the  residual  for  each  point,  and 
stor?  (his  value.  The  residual  is  g1  'en  by  R.  -==  V,  -f-  V,  -f 
V,  +  v,  -  4V„.  Initially  Equation  (8.3.4.4k)  will  not  be 
satisfied,  since  the  potentials  are  only  guesses. 

3.  Again  moving  syjtemntically  and  considering  each  point 
not  on  the  boundary,  adjust  the  potential  to  make  the  re¬ 
sidual  for  the  point  equal  to  zero  by  applying  the  following 
equation :  V«'  =>  V.  f  R./4,  where  V.'  is  the  new  V.. 

4.  Since  Step  3  affects  the  residuals  of  the  surrounding 
points,  they  are  adjusted  by:  R,'  —  Ri  +  R./4,  where  Rt'  is 
the  new  Rf. 

5.  Steps  3  and  4  are  repeated  until  no  residual  is  found 
whose  absolute  value  is  greater  than  some  predetermined 


limit  of  accuracy  At  this  time  the  relaxation  equation  is 
satisfied  and  the  potential  distribution  is  known. 

It  is  possible  to  write  »  FORTRAN  program  quickly  to  do 
the  necessary  computation.  For  this  problem,  let  M  —  num¬ 
ber  of  points  in  the  grid  on  the  x  axis  (200  max) ;  N  — 
number  of  points  in  the  grid  on  the  y  axis  (200  max) ;  V 
(I,  J)  potential  at  points  on  grid  (initial  guesses)  plus 
boundary  values;  R  (1,  J)  —  associated  residual,  and  DEL 
limit  of  accuracy  desired.  The  resulting:  FORTRAN  pro¬ 
gram  is  showr.  in  Figure  8.3.4.4c. 

S.3.S  Empires!  Relationships 

Empirical  data  drawn  from  experiments  or  tests  can  be 
used  in  two  ways:  conclusions  can  be  drawn  from  tables  of 
data,  or  empirical  relationships  can  be  derived  to  fit  the 
data.  A  problem  o.'ter.  consists  of  a  mixture  of  theoretical 
equations,  tabular  data,  and  empirically  derived  equations. 

Various  methods  are  available  for  computer  handling  of 
tables  of  data  based  on  functions  of  a  single  variable  or 
functions  of  multiple  variables. 

8.3.3. 1  FUNCTIONS  OF  A  SINGLE  VARIABLE.  Aa  an 
example  of  the  use  of  a  computer  in  manipulating  tabular 
data  consider  the  following: 
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X 

X 

y 

y> 

0  0 

X, 

0.01  • 

y. 

4.(1 

X 

<>.010 

y 

8.0 

X  , 

0.041 

y 

12.0 

X  , 

0.04(1 

y- 

nt.o 

X  , 

0.0  <8 

y- 

20.0 

X. 

0.01,0 

y« 

24.0 

X, 

0  05 1 

y. 

,.8.0 

X, 

0.048 

y 

:»2.o 

x,. 

0.044 

y.' 

:i(i,o 

X,. 

0.0.18 

y. 

40.0 

X,. 

0.028 

><■ 

44.0 

7Ci» 

(».'*U 

y« 

The  problem  is  t.  determine  the  proper  value  of  y  for  a 
Riven  value  of  x.  This  ei.n  be  ucromp'iMhed  either  by  ordi¬ 
nary  (able  look-up  ot  by  data  fitting,  d»  pendinR  on  the  num- 
h.  r  of  VHlues  tc  be  found. 

Table  l.ook-up.  This  method  cun  be  carried  out  by  loading 
the  entire  table  into  computer  storage,  then  searching  the 
table  for  the  value  of  y  that  'orrespondx  to  a  given  value 
of  x. 

A  FORTRAN  program  for  louding  the  table  into  storage 
and  for  table  l<H>k-up  for  several  values  of  x  is  shown  in 
Figure  8  11.5.1a.  Note  that  the  search  is  accomplished  with 
an  ‘"IF"  statement  within  a  “DO"  loop.  Where  the  argu¬ 
ment  x  is  equal  to  a  table  entry  value  of  x,  the  correspond¬ 
ing  value  of  y  if.  simply  selected  ard  printed.  When  the 
argument  x  falls  between  two  tabic  entries,  linear  inter¬ 
polation  is  performed,  based  on  the  linear-interpolrtion 
equation 


TABLE  LOOKUP'  PROGRAM 

DIMENSION  X< 12) *Y( 121 
TEAD (5*21  X»Y 
READ ( 5  »2 I  TX 
FORMAT  IF6.3) 

DO  6  1-1*12 

iFtrx-xnn  4.5*6 

CONTINUE 
GO  T0  1 

CORY-Y  (  I-lM-mU-IYU-m* 
1  (TX-XU-ll  I/IXI  I»-X(  M»| 
GO  TO  8 

cory-y: i ) 

WRI TE( 6» 9)  TX.CORY 
FORMAT  (2F6.3) 

GO  TO  1 
END 


Figure  8.3.5.1a.  FORTRAN  Program  Usad  for  Loading 
Tabular  Data  Into  a  Computar  and  for 
Finding  Values  of  y  for  Divan  Value*  of  x 


data  is  to  select  the  equation  form  A  few  of  the  possible 

selections  are: 


y  y, 


(Eq  8.3.5.1a) 

( y , . ,  y,) (x  x,) 

X,  ,  X, 


which  is  the  equation  of  the  straight  line  joining  points 
(x  .  y . )  and  ( x . . y , .•) .  Evaluation  of  the  right  md  side 
of  the  equation  fu-  a  particular  value  of  x  gives  ..is  corres¬ 
ponding  value  of  y.  This  equation  is  used  in  programing 
statement  4  in  F;gure  H.tl  5  la. 


Polynomial 

From  y  —  a,,  4-  a,x  to  y  ■=*  a.  4- 
a.x,  -1  a,*,  +  a3X;,  4-  a.x,  4-  t.x». 
Generally  restricted  to  this  range. 

Logarithmic 

y  a.,  I  a,  log  x 

Exponential 

y  a.*,* 

Power  . 

y  -  a..x*i 

Fourier  series 

li> 

y  a,,  }  -  <a„cosnx  )  b.  sinnx) 

»i  t 


If  the  approximation  of  the  function  by  a  straight  line  in 
the  inti  real  (y..,  y, )  is  not  sufficiently  accurate,  the  func¬ 
tion  may  then  be  approximated  by  a  parabola  or  higher 
degree  polynomial  by  a  method  such  as  the  Lagrange  inter¬ 
polation  formula. 

Data  Filling.  If  the  problem  involving  use  of  the  tuble  is 
to  be  run  many  times  on  a  computer,  consideration  might 
lie  given  to  finding  an  equation  which  will  pass  either 
through,  or  within  tolerance  of,  all  the  points  in  the  table. 
In  m-  s‘  engineering  problems  it  is  sufficient  to  find  an  equa¬ 
tion  which  paises  within  a  spec  ified  trlorem-e  of  all  the 
points  in  a  table  of  data. 

Model  .SYbWioa.  First  step  in  fitting  an  equation  to  tabular 


The  choice  may  be  based  on  theory,  preliminary  plotting, 
past  experience,  or  on  trial  and  error. 

Model  Fittitif/.  After  the  equation  form  has  been  Jeter- 
mined,  the  next  step  is  to  sele  a  method  for  fitting  the 
equation  form  (finding  volues  for  the  values  of  a,).  There 
are  three  widely  used  methods,  selected  points,  hsr:nonic 
analysis,  and  least  squares. 

1.  Selected  1‘oivts  As  many  sets  of  observed  data  aa  there 
are  values  of  a,  to  be  determined  are  substituted  into  the 
selected  eauation,  and  the  resulting  system  of  equations  is 
solved  for  a  Although  this  method  is  very  crude,  it  may 
be  of  value  in  situations  where  availabi?  data  are  limited. 
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2.  Hn  i  motif  A  .oifysts.  Thin  wkelj  uaed  rompuler  app'.ir  i 
tlon  in  useful  in  fitting  a  Font  ,er  series  to  •  not  of  )»  nodie 
ditr, 

:i.  Lrn»t  ' •qua rr»,  Thin  in  thr  mini  coimnonlv  used  proce¬ 
dure  for  calculating  parameters  a,  for  (hr  selected  moilol. 

Thr  five  typer  of  equations.  or  models,  already  inrntionrd 
(except  thr  Fouiier  series)  may  hr  fitted  to  ..  sot  of  data  hy 
thr  least  squares  method.  The  principle  can  he  understood 
hy  considering  the  simpl.  linear  model 

y  a„  I  a,x  (Eq  a.S.T.lb) 

Given  a  table  of  n  sets  of  data,  determine  a„  and  a,. 


Thr  least  squares  approach,  Figure  ft. 3. 5. lb,  consists  of 
determirdi  r  a,,  ano  a,  ss  that  the  sum  of  thr  squares  of  the 
vertical  distance  between  the  data  ;■  dnta  a. id  the  straight 
line  is  a  minimum.  From  Fiirure  8.3.5.11)  this  may  be  stated 
mathematically  as 

(Eq  ■,3.5.1c) 

II 

minimum 

*  1 

This  is  true  orly  if 


(E)  5.3.5. Id) 


I  I 


da„ 


0  and 


»'«i 


=--  0 


The  sum  may  be  expressed  in  terms  of  th»  equation  to  be 
fitted  end  the  original  data  points,  <1  ■"  >1  (a„  f  a,x,). 

Then 


*  E*.1 

I  I 

?ft0 


(Eq  ■.3.5.1a) 

S  £  [>'1  -  (a..  4  a,x;)] ' 

11  _  -  A 


(Eq  1.3.5.  If) 

n 

?  T.  tyi  -  (a,,  4-  a,x,)]* 

1  1  ....  n 


Differentiating  and  simplifying  gives 


Fleurs  ft. 3. 5.  :b.  Least  Square  Muthod  of  Fitting  a  Una 
to  •  Ret  of  Points 


These  two  linear  non-homogencou  «  equations  may  be  solved 
for  a,,  and  a,.  Parameters  a,,  and  a,,  therefore,  are  computed 
in  terms  of  suns,  and  sums  of  cross  products  of  the  raw 
data. 

K.S.5.2  Functions  ar  Multiple  Variables.  Tubular  data  in¬ 
volving  functions  of  multiple  variable),  re  used  in  basic¬ 
ally  the  same  way  as  those  for  a  single  variable;  how 
ever,  (he  methods  are  correspondingly  more  complex. 

Table  lyooh-up.  Given  the  following  data,  ussumr  that  x  is 
to  be  computer  for  various  sets  of  values  of  y  and  x: 


X, 

x, 

x, 

X. 

X; 

X, 

X, 

X. 


y. 

y« 

y.t 

y^_ 

y. 

y« 

y- 

y< 


x, 


Xu 


Xu 

y« 

Xi, 

y.« 

x„ 

y.t 

w  . 

• 

• 

To  solve  this  problem,  table  look  up  and  interpolation  (more 
complex  logically  than  for  a  single  variable)  may  again  be 
used.  Use  the  following  procedure; 


(Fq  S.3.5.1C) 

n  n 

£  yi  -  H  a,x,  na„  -  0 

it  I  I 

(Eq  1.3.9.  lh) 

•  K  It 

£  x,y,  -  a,  (Exi)!-»,Es,^0 

11  '11  11 


1.  For  Xi,  interpolate  for  xwi  function  of  y  alone. 

?  Store  the  resultant  vrlue  of  x  along  with  z,. 

,3.  Repeat  steps  1  and  2  for  all  vnlues  of  x  to  obtain  a  com¬ 
plete  «able  of  x  as  a  function  of  x  alone. 

4.  interpolate  in  this  renultunt  table  for  the  final  -<ue  of  x. 
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Dais  hittiag  Quite  often  shli*  look  up  is  imprurtiritl. 
Kith#  i  the  problem  demand*  in  equation  to  pri  tr  a  mean 
Mgful  lotion,  or  the  data  cannot  tie  obtained  in  a  form 
uintlar  to  that  shown  in  thi  uevlou*  table  When  this  ia 
true,  curve  fitting  may  tie  uaed. 

Kor  rxampY.  an  eipiatiiin  in  the  description  of  a  vehicle 
«'i  1'ilation  model  can  tic  prexented  an  an  empirical  relation- 
nh.p,  R  «V  *  bAV  .  in  thin  cane  R  l«  function  of  three 
variables  M,  A.  and  V 

The  leant  m  uaren  method  may  araln  he  uaed  In  conjunction 
with  experimental  data  to  determine  valuea  for  a  and  b 
whie'i  bent  (It  the  equation  to  the  data.  To  apply  leaat 
ai|uaren  relationship*  In  rhia  caae  would  require  consider¬ 
ing  A. V  an  a  new  variable,  a  AV  to  give  a  linear  rela¬ 
tionship  of  the  form  y  ax,  i  bx.. 

In  general,  data  fitting  of  linear  equation*  I*  called  linear 
regrrs  .ion,  If,  an  in  thin  cane,  there  i*  more  than  one  in¬ 
dependent  variable,  the  procedure  la  called  multiple  linear 
regression. 

The  method  of  flrnt  assuming  the  form  of  a  relationahip 
anc*  then  using  mathematical  criteria  to  fit  the  relationship 
to  experimental  data  can  t>c  thought  of  aa  a  aearrh  for  a 
useful  prediction  equation. 

In  this  discussion,  the  concept  of  "brat  fitting"  predictive 
equations  to  data  has  been  used.  The  assumption  has  been 
mode  that  a  useful  equation  need  not  fit  the  corrolete  data 
set  exactly.  This  assumption  is  baaed  on  atatirucal  prin¬ 
ciples  Statistics  indicate  also  that  predictions,  or  useful 
engineering  conclusions  can  be  drawn  from  data  without 
necessarily  performing  data  fitting  to  arrive  at  an  equa¬ 
tion. 

8.3.5..1  STATISTICS.  The  moat  important  statistical  pro¬ 
cedures  have  been  programed  for  many  co.c.puter*.  Suit¬ 
ably  complete  statistical  reduction  of  information  require* 
only  that  the  data  be  prepared  in  a  form  jicceptable  to  one 
of  the  available  programs. 

The  form  of  an  experiment  or  test  should  depend  upon  the 
statistical  procedures  to  be  applied  to  the  resulting  data. 


which  an  being  tested  should  be  clearly  defined.  Statistical 
procedures  available  to  resolve  the  <est  should  be  deter¬ 
mined.  Techniques  hrve  been  programed  t.o  assist  in  deter¬ 
mining  the  number  and  order  of  da*a  required  in  an 
experimental  design. 

Many  statistical  methods  may  be  applied  to  a  set  of  dsta. 
At  the  same  time,  data  may  arise  in  an  infinite  number  of 
fu.  ms.  The  more  common  statistical  methods  and  the  de¬ 
sired  results  fall  into  a  pattern  which  require*  n  progres¬ 
sion  from  simple  to  complex  calculation  procedures.  mhere 
are  four  levels  in  this  progression: 

l  l'robnbili'y  analysis  of  a  random  variable  is  useful  in 
quality  control,  testing  of  vendor  products,  and  field  per¬ 
formance  of  p.t>ducts.  No  cause*  and  effect  it  considered. 


2  Analyoici  of  vari-Mire  is  uned  to  determine  thr  dgnificancr 
of  differences  between  classed  or  grouped  data,  such  as  the* 
diffrt  nces  caused  by  variation  in  the  process  for  preparing 
a  product.  This  represents  a  test  for  the  existence  of  cause 
and  effect. 

It,  Correlation  analysis  gives  a  measure  of  the  linear  rela¬ 
tionship.  dependence,  or  assoelatton  l*etween  two  variables. 
It  represents  an  attempt  to  place  a  measure  on  the  cause 
and  effect  relationship. 

4.  Regression  analysis  Is  a  computational  method  fv  de¬ 
termining  parameters  In  an  assumed  equation  form  which 
expresses  the  dependence  of  one  variable  (the  dependent 
variable)  on  one  or  more  other  variable*  (Independent  vari¬ 
ables)  when  data  on  all  variables  are  available.  This  is  a 
method  for  defining  the  cause  and  effect  relationship  to  the 
extent  that  useful  predictic  ns  ran  be  made  for  the  behavior 
of  the  dependent  variable. 

Probability  Analysis.  For  many  problems  in  which  prob- 
abilities  arise,  thr  behavioc  of  events  in  the  system  in  known 
beforehand,  so  that  the  events  are  ruled  by  well  defined  laws 
of  probability.  Rut  in  engineering,  probabilities  for  an 
event  *  *e  determined  on  the  basis  of  data  obtained  by  ex¬ 
periment  or  testing.  This  method  represents  a  useful  esti¬ 
mate  of  the  true  probabll'ty. 

If  every  possible  trial  ia  made  (each  .•«<#«(  tested),  the 
popHtahon  has  been  tested.  However,  it  ia  generally  prac¬ 
tical  to  test  only  a  sample  of  the  population.  From  this 
testing  it  is  possible  to  obtain  an  Inventory  of  all  possible 
velue*  for  the  event,  and  to  determine  the  probabilities  of 
the  e.ent  taking  on  each  value.  This  inventory  is  called  a 
probability  distribution. 

Discrete  distributions  are  uaed  to  describe  probabilities  for 
which  events  can  take  on  only  discrete  values.  Most 
eng.. leering  problems,  ho  'eve:,  involve  continuous  distri¬ 
butions.  This  discussion  will  be  restricted  to  the  normal 
distribution  for  continuous  distribution*  of  probabilities. 
Statistical  tests  can  be  made  to  determine  the  suitability 
of  application  of  the  normal  distribution  to  n  particular  set 
of  data. 

As  an  illustration  of  the  use  of  probabilities  and  the  normal 
probrbiiity  distribution,  consider  Tat  'e  8.S.5.3,  which  shows 
results  of  life  tests  for  a  brake  ahoe.  A  common  method  for 
displaying  this  information  is  to  construct  oni  bar  graph 
to  show  the  frequency  distribution  and  another  to  nht  w  the 
accumulative  distribution,  (see  Figure  8.3.6.3a).  It  can  be 
assumed  that  for  successive  decreases  in  interval  sise  and 
increases  in  sample  rise,  the  graph*  in  Figure  8  S.C.Sa  will 
approach  the  continuous  curves  shown  In  Figure  8.8.5.8b. 
The  information  shown  in  Figure  8.3.5.3a  and  b  and  in 
Table  8. 3. 6. 3  can  be  summed  up  in  the  two  following  sta¬ 
tistics,  assuming  a  normal  distribution: 

!.  The  mean  of  the  sample  Is 

v  .  (Eq  U.S.Sa) 

*'  =  (£*.)/  N 

i  j  f 
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TaW*  *.3.8.1.  RmuIH  o f  Taste  or  Brake  8hoa 


i  :rt.  >. 

•  mcQuiNct.  r.** 

NdMMUItO 

raJtKitwcV,  t 

f,  X  8. 

10 

50 

0.050 

600 

20 

76 

0.076 

1600 

80 

500 

0.100 

3000 

40 

200 

0  200 

8000 

60 

250 

0.250 

12,600 

60 

160 

0.150 

9000 

70 

75 

0.075 

5250 

80 

76 

0,075 

6000 

00 

25 

0.025 

2250 

♦Midpoint  of  Interval 
•♦Number  ol  fillurm  In  InWri'il. 

a,  uk,  «,»».) 


Fltur*  «.S.S.Sa.  *ar  Graph  Method  of  Dlsptrytfqf 
Information 

(Grnof\  in  (n  thows  traguancy  (attribution ;  (b)  show*  accwvutntiv* 
attribution.) 


where  N  >=  number  of  observations  for  ungrouped  data;  or 

(Eq  *.3. 5.3b) 

*=.(£r,x,)/  £r, 

ti  (  t  ■  i 

for  grouped  data,  as  lr  Table  8.3.5. 3,  where  *  •-  number  of 


Flgura  *.3. 5.3b.  Continuous  Curvet  Representing  (Apr  roxi 
"lately)  Ihe  Bar  Graphs  In  Figure  8.3  5.3a 
(tuch  graph*  i.  *  utatui  ui  obtaining  Hatlttlcal  Information  ' 


intervale.  Mean,  r',  ie  an  r.-itimatc  for  m,  the  mean  o;  the 
population.  In  computer  hnmiling  of  data,  the  groi  pine  "f 
data  —  a  device  foe  simplifying  calculations  —  ie  sodom 
used. 

2.  The  standard  deviation  of  the  sample  is 

(Eq  H.3/'  3c) 


where  s  is  an  estimate  of  a,  the  standard  delation  i  f 
population.  Value  s'  i&  called  the  variance.  For  i  n<  nt  .il 
distribution,  the  probability  of  an  individual  reading  I v i n > ■ 
within  *'  3  g  is  approximately.  0.68. 

With  x'  and  a,  the  graph  lr  (a)  of  Figure  8.8.5.3b  cm  he 
constructed  from  the  normal  distribution  function. 

(Eq  8.3. b. 3d) 

/(X)  -  — 

Sy2ir 


ISSUED:  MAY  It 44 


8.3.5  -5 


STATISTICS 


DIGITAL  COMPUTERS 


Tun  function  h»«  l>een  tabulated  foe  the  standard  normal 
distribution  where  the  transformation  t  <x  x  )/s  gives 
the  following  disti  ibution  function: 

/  ( t )  -  ( 1  / V 5 w)  e  1 1 (Eq  ».3.B.S«) 

The  graph  or  info.mation  shown  in  (b,  of  Figure  8  3.3.3 
can  .«•  r  •constructed  from  the  integral  function 

(Eq  8.3.9.3f) 

<»(x)  1  J  /(x)  dx 

x 

to  give  the  probability  of  an  individual  reading  being 
greater  than  x.  Again,  this  function  has  been  tabulated  for 
the  variable  t  (x  x’).s  or 

*<t)  -  1  -  f  f(t)  dt  (Eq  8.3. 3. 3g) 

50 

For  hand  calculation,  a  listing  of  the  general  fortr. 


t 

/( t) 

* 

-2 

0.06399 

0.0228 

-I 

0.24197 

0.1587 

0 

0.31894 

0.5000 

1 

0.24197 

0.6587 

2 

0.053S9 

0.9772 

can  be  used,  along  with  the  transformation  equation  t  = 
(x  -  x')/s  tc  provide  answers  to  frequency  and  probability 

questions. 


t,  «  (Eq  8.3.8.31) 

a/v^N 

which  is  the  Students  t  distribution.  The  Students  t  dis¬ 
tribution  approaches  the  normal  distr'bution  as  the  sample 
size  increases,  and  in  this  discussion  a  normal  diatribution 
will  be  assumed. 

For  computing  the  range  of  the  population  mean  foi  a 
given  confidence,  t,  depends  on  the  confidence  (from  pre¬ 
ceding  table,  for  t.  =  2  the  confidence  thaw  the  population 
mean  will  be  such  that  the  calculated  t-  ^  2  is  approximately 

0.07  > .  If  m  --  x'  ±  -• .  then 

A  =  ill  (Eq  8.3.8.3k) 

/N 

and  it  can  be  said  with  a  97  percent  probability  of  Wing 
correct  that,  front  the  sample  data,  the  mean  of  the  popula¬ 
tion  lies  within  m  x'  *  A. 

Equatl  in  (8.3.5.3j)  may  also  bo  used  to  determine  whether 
the  sample  sise  is  sufficient  to  give  an  adequate  confidence 
in  the  population  mean  lying  within  an  accepable  percent¬ 
age  variation,  K,  of  the  calculated  sample  mean.  If  m  — 
x'  Kx'  for  |A|  5  Kx,  then  from  Equation  (8.3.5.3k), 

Kx'  ==  t,s/v^  and 

N|  "  (lfFF  JEq  8.3.5.31) 

where  N.  Is  to  be  compared  with  the  actual  sample  size  N. 
If  N,  >  N,  a  larger  sample  will  be  required  for  the  neces¬ 
sary  confidence.  If  N,  g  N,  a  sufficient  sample  sixe  has  Wen 
used. 


For  example,  with  u  mean  x'  --  6  and  standard  deviation 
s  -  2,  the  .  robabili.y  of  an  individual  reading  lying  be¬ 
tween  1  »nd  9  can  be  calculated  as 

(Eq  8.3.5.3h) 

P,  -  f  fit)  dt  -  J  fit)  dt  -  *(t2)  -  *(t.) 

-  X  X 

Since  t,  —  ( 1  6)  /2  -----  2,  and  t_.  —  (9  —  6)/2  =  2,  then 

the  probability  is  <  { t,)  -^(t,i  —0.9772  —0.0228  =  0.9544. 
In  computer  handling  of  probability  problems  it  is  simpler 
to  calculate  values  for  f(t»  and  e(t)  than  to  store  the  largf 
table  in  the  computer.  The  integral  evaluation  for  *(t)  is 
difficult  because  an  exact  integration  cannot  be  performed. 
One  of  Hastings’  approximations 

(Eq  8.3.S.3!) 

_ 1 _ 

1  I-  a,y  4-  a..y-  -f  a-,y:l  +  a,y4 

where  a,  =  0.278393,  a.  ’  0.230389,  a,  -  0.000972,  a, 
0.078108,  is  often  used  with  appropriate  transformations 
to  evaluate  the  integral  in  a  computer  program. 


It  should  be  noted  that,  because  of  approximations  mrde 
and  arbitrary  choice  of  initial  sample  sise,  the  value,  of  N 
indicates  only  the  direction  in  which  the  sample  size  should 
be  changed,  and  not  the  actual  size  of  change  required. 
Several  iterations  might  be  necessary  to  determine  a  beat 
value  for  N, 

Analysis  of  Variance.  The  statistic  F  =  s.Vst’,  where  Si* 
and  are  variances  of  samples  from  populations  with  nor¬ 
mal  diatrioutions  whose  true  variances  are  equal,  has  a 
distribution  of  the  shape  shown  in  Figure  8.3.5.3c. 


The  confidence  which  may  be  placed  in  the  calculated  mean 
and  in  the  chosen  sample  size  can  be  illustrated  by  con¬ 
sideration  of  the  following  statistics: 


figure  8.3.8.3c.  Distribution  for  Statistic  F  *  Si'/Si* 
As  Discussed  in  Ttxt 
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The  F  tost  *a  used  to  t«rt  whether  there  is  s  significant  dif¬ 
ference  in  the  two  sample  variances.  The  test  consists  of 
setting  a  confidence  level  <  as  in  the  previous  discussion  on 
the  mean,  using  the  normal  distribution)  in  terms  of  per¬ 
cent  of  area  (Lhaded  area  —  «  and  total  area  =  1)  which 
may  lie  to  the  right  of  F.  in  the  distribution  curve.  This 
determines  the  F.  and  means  tint  any  given  F  greater  than 
F.  has  only  a  probability  a  of  occurring  due  t~>  random 
chance  alone.  The  confidence  in  F  being  less  than  F.  is 
1  --  a. 

Distribution  function,  p(F)  is  a  complex  multi-variate 
function  (dependent  on  F,  degree  of  freedom  of  a.',  and 
degree  of  freedom  of  a,1),  i  or  this  reason,  tables  are  gen¬ 
erally  tabulated  only  for  a  =  0.01  and  a  —  0.05.  For  the 
same  reason,  g( F)  is  not  as  often  calculated  as  part  of  a 
computer  program  as  is  p(t)  for  the  normal  distribution. 

Next,  the  sample  variances  ar  and  s,'  are  calculated,  and 
observed  F  is  computed.  If  F  >  F„  there  is  confidence  1  —  a 
that  a  significant  difference  in  the  sample  variances  exists. 
For  analysis  of  variance,  j,*  is  a  measure  of  the  variation 
in  test  data  caused  by  a  <  dfference  in  the  process  or  treat¬ 
ment,  while  s>'  is  a  meaev  re  of  the  purely  random  variation 
of  the  test  data.  If  the  rei  ultant  F  is  greater  than  the  preset 
F.,  then  the  effect  on  th<  data  results  can  be  attributed  to 
the  variation  in  the  trei  tment. 

A  sample  analysis  of  vi.riance  calculation  performed  on 
a  computer  is  shown  in  Figure  8.3.5.3d.  The  observed  F 
ratio  of  15.82  when  compared  with  tabulated  F  (degree  of 
freedom  for  s.'  —  8  and  degree  of  freedom  s.’  =  65,  the 
closest  entry  to  08)  where  F.  —  2.08  for  •  =  0.05  and 
F,  ~  2.79  for  •  0.01,  shows  that  the  variation  in  data  due 

to  the  variation  in  treatment  is  significant  at  both  the  6 
percent  level  and  the  more  stringent  1  percent  ieve).  The 
treatment  has  a  cause  and  effect  relationship  with  the  vari¬ 
able  for  which  the  data  were  recorded. 

Correlation  and  Regression  Analysis.  Discussion  of  com¬ 
puter  applications  in  the  calculation  of  correlations  and 
regression  equations  is  simplified  by  the  use  of  matrix 
notation.  These  paragraphs  will  discuss  information  to  be 
gained  from  test  or  experimental  data  which  is  available 
in  the  following  form : 


Dependent  Independent  Variables 


Observation 

Variable,  y 

X,  Xj  X,  •  •  •  X, 

1 

Xtl  X.;  Xu  ■  •  •  Xjp 

2 

w 

Xn  Xa  Xu  •  •  •  X* 

e 

• 

e  e  e 

a 

e 

see 

N 

Sk 

Xm  Xm  Xn>  •  •  •  Xn» 

Regression  analysis  consists  of  using  such  data  to  deter¬ 
mine,  according  to  the  least  squares  criterion,  the  value  ~f 
hi  which  beat  At  an  equation  of  the  form  y  —  b,x,  +  b,x,  + 
tyx,  to  the  data.  The  objective  is  to  obtain  a  useful  predic¬ 
tion  equation. 


The  value  of  p  must  be  less  than  N  for  a  correct  analysis. 
If  a  constant  term  is  desired  in  the  equation  —  that  is.  y  — 
b,x.  -f  b*x,  -f  b,-,  x,  ,  +  b,  —  a  column  of  one’s  replaces  thw 
x,  column  in  tho  table. 

The  least  squares  analysis  for  this  case  car.  be  most  simply 
described  by  reference  to  matrix  handling  rules.  Let  X  *•* 
observed  column  matrix  of  observed  y  values;  B  =  param¬ 
eters  b.  to  be  determined  (column  matrix  ) ;  and  D  —  rec¬ 
tangular  matrix  of  observed  values  for  the  independent 
variables.  Then 


V  =  DB 

(Eq  8.3.5.3m) 

or 

Vt  =  Xiib,  -f-  Xiibt  -("••• 
Vi  —  Xtib,  ■+•  Xnb> 

e  e  e 

+  x.*b» 

+  x»»b» 

# 

e  e  e 

i|»  =  Xvib,  4-  XNabi  -f  •  •  • 

e 

+  Xn,b, 

where  N  >  p. 

These  equations  cannot  be  solved  for  B  since  D  has  more 
rows  than  columns.  However,  multiplication  of  both  sides 
of  the  above  equation  by  the  transpose  D'  of  the  D  matrix 
gives 

D'v  =  D'  DB 

(Eq  8.3.5.3n) 

where  D’D  is  a  square  matrix.  These  equations  are  equiv¬ 
alent  to  the  summation  equations  which  resulted  in  the 
least  squares  analysis,  and  are  called  normal  equations. 


The  solution  of  these  equations  for  B  is  found  by  first  ob¬ 
taining  the  inverse  of  the  D'D  matrix  and  multiplying  both 
sides  of  Equation  (8.8.6.8n)  by  the  inverse  D’D*'  to  givo 
(D'P)1D'v=  (D'D)-’ (D'D)  B, 

or 

B  =  (D'  D)  1  D'v  (Eq  8.3.330) 

TH*  mnl flv  mnnlniilatjnne  In^lna  or)  In  fkl>  anliihlnn 

4  mt  i*  V*  Vtwkivilu  ItlMtVWkVU  Sit  WilO  OViUviUll 

for  the  values  of  bi  require  so  much  computation  that  for 
any  problem  involving  four  or  moi  e  independent  variables 
a  solution  without  a  computer  i»  virtually  impossible.  Once 
the  evaluation  of  b,  by  Equation  (8.3.5.3o)  has  been  com¬ 
pleted,  several  statistics  become  available  to  judge  the 
value  of  the  analysis  for  prediction  purposes.  These  are: 
1.  “Goodness  of  fit,”  or  standard  error  of  the  estimate.  Let 
yi  =  predicted  value  for  y  using  the  original  data:  yi  = 
biX«  +  biXi,  +  •  •  •  +  b,X„;  at  —  observed  value  for  y; 
and  et  =  y,  —  ijt.  Then  the  standard  error  of  the  estimate 
is  given  by 

«.’=  (E  ••’)/  (N-P) 

a  statistic  analogous  to  the  variance  for  a  single  random 
variable:  that  is,  f>8  percent  of  the  predicted  values  should 
be  in  error  by  less  than  ±s.. 
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Treat¬ 
ment  No. 

No.  of 
Repa 

Replications 

1 

8 

6.60 

5.11 

7.14 

4.89 

6.81 

4.93 

4.33 

5.87 

2 

8 

2.87 

2.19 

2.36 

0.31 

1.48 

0.68 

1.19 

2.90 

3 

8 

6.00 

4.58 

2.08 

3.07 

3.12 

3.78 

4.00 

2.20 

4 

8 

5.80 

5.92 

4.88 

5.32 

5.36 

4.64 

6.68 

2.46 

5 

8 

5.00 

5.58 

6.08 

4.11 

5.37 

6.89 

6.34 

6.14 

r. 

8 

2.95 

4.58 

2.89 

3.93 

1.67 

4.61 

3.28 

2.75 

7 

8 

5.86 

6.14 

6.93 

4.23 

4.59 

6.18 

5.60 

6.11 

8 

8 

4.80 

6.47 

5.63 

4.68 

4.05 

6.26 

6.32 

5.36 

9 

8 

6.98 

5.13 

6.41 

6.42 

6.93 

3.62 

5.14 

4.09 

Treat¬ 
ment  No. 

Sum  Y 

Sum  Y2 

Mern 

1 

45.68 

268.45 

6.71 

2 

13.78 

30.07 

1.72 

3 

28.68 

114.02 

3.58 

4 

40.06 

209.38 

5.01 

5 

44.81 

253.98 

6.60 

0 

26.66 

95.84 

3.33 

7 

42.64 

239.47 

5.33 

8 

42.56 

231.00 

6.32 

9 

43.72 

249.78 

5.46 

Analyaia  of  Variance: 

J  Sourer  of  Variation 

Degrees  of  Freedom 

Sum  of  Squarea 

Mean  Square 

F 

.  Among  Treatments 

8 

120.84 

16.11 

16.22 

I  Within  Treatments 

63 

62.54 

0.99 

Total 

71 

183.38 

Figure  8.3.5.3d.  Sample  Analysis  of  Variance  Calculation  Performed  ~n  a  Computer 


2.  Simple  correlation.  The  elements  of  the  D'D  matrix  are 
made  up  of  the  simpb  correlation  coefficients  r,i  between 
each  possible  combination  of  two  variables  at  a  time.  An¬ 
other  method  for  computing  simple  correlation  coefficients 
is  from  r,j  -  V.j/s.s,,  where  V  ,  1/N  [£x,x,  -  x,'  Xx,]  ; 

s,  (V,,)' ;;  and  y  can  be  considered  one  of  the  variables 
x.  or  X|. 

The  simple  correlation  coefficient  between  two  variables 
can  be  interpreted  as  follows.  The  square  of  r,t  is  the  per¬ 
centage  of  the  variance  of  x,  that  is  accounted  for  by  its 
relationship  with  x,.  This  applies  only  if  a  linear  relation¬ 
ship  can  be  assumed  and  ignores  the  possibility  of  inter¬ 
correlations  with  other  variables. 
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3.  Partial  correlation  coefficients.  Let  a*,  be  the  elements 
of  the  inverse  matrix  (D'D>  '.  Then.  ?(J  =  ai)/(a,,aii)''’ 
are  the  partial  correlation  coefficients. 

Tnis  statistic  gives  the  true  correlation  between  eOch  pair 
of  two  variables  (one  must  be  the  dependent  variajble)  out 
of  the  total  investigated,  after  the  effects  of  the  remaining 
variables  have  been  taken  into  consideration.  j 

4.  Multiple  correlation  coefficient.  This  is  a  measure  of  the 
total  variation  of  dependent  variable  jr  that  has  been  ac¬ 
counted  for  by  the  regression  analysis,  and  is  analogous  to 
the  simple  correlation  coefficient  for  two  variables  only. 
This  coefficien.  is  given  by  R  =  1  —  (l/a„)’/\  Thia  gives  an 
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excellent  measure  of  the  success  of  the  regression  analysis. 

6.  Alternate  calculations  of  the  standard  error  of  the  esti¬ 
mate.  The  calculation  of  s.  giver  earlier  implied  a  consider¬ 
able  amount  of  addition  calculation.  There  are  two  other 
ways  of  calculating  standard  error  of  this  estimate  after 
the  inverse  matrix  (D'D)'1  is  available.  They  are:  biased 
standard  erroi  of  the  estimate,  s,  '  —  s,/  /«ii ;  and  u  "biased 
standard  error  of  the  estimate,  i,=  [N/(N-pf  )]’ks,\ 

The  preceding  discussion  has  stated  that  the  models  chosen 
for  multiple  regression  must  be  linear  models.  This  means 
that  the  partial  derivative  of  the  model  fraction  with  re¬ 
spect  to  one  of  the  parameters  must  bo  independent  of  that 
parameter.  This  mathematical  restriction  is  severe  for  some 
desired  applications. 

8.3.6  Comparison  of  Digits!  Computer 
Characteristics 

The  majority  of  digital  computers  available  today  are  rented 
rather  than  sold,  with  rental  rates  varying  widely  from 
one  computer  manufacturer  to  the  next.  Optional  equip¬ 
ment  may  cause  a  ±  30  percent  variance  from  the  average 
rental  rates  depending  on  the  particular  configuration  de¬ 
sired  by  the  user.  To  determine  the  approximate  purchase 
price  of  a  particular  computer,  multiply  its  monthly  rental 
rate  by  fifty. 

The  first  electronic  computers  available  were  non-solid  state 
machines  using  conventional  vacuum  tubes  in  their  logic 
systems.  Consequently,  the  machines  produced  a  quantity 
cf  heat,  necessitating  frequent  replacement  of  the  tubes. 
Most  computers  now  being  manufactured  are  units  which 
have  logic  systems  composed  almost  entirely  of  solid  state 
magnetic  devices,  transistors,  and  diodes.  These  machines 
require  less  power,  generate  less  heat,  are  more  compact 
and  reliable,  and  have  longer  life. 

There  are  several  types  of  internal  storage,  the  most  com¬ 
mon  being  drum  and  magnetic  core  memories.  Drum  mem¬ 
ories  respond  more  slowly  than  core  memories,  because  the 
sensor  must  sometimes  scan  the  entire  drum  surface  before 
the  data  is  located.  However,  some  computer  manufacturers 
build  a  rapid  access  scheme  into  their  drum  units  to  accel¬ 
erate  tlie  internal  processing  rate.  Most  of  the  newer  com¬ 
puter  models  have  magnetic  .ore  memories  where  thousands 
of  tiny  cores  are  assembled  into  a  single  logic  unit.  Magnetic 
core  systems  are  considered  superior  to  their  drum  counter¬ 
parts,  since  they  have  no  moving  or  wearing  components. 

Information  is  retrieved  from  a  stored  program  computer 
by  testing  to  see  whether  certain  elements  are  in  a  magnet¬ 
ized  or  non-mrgnetized  state.  These  computers  are  consid¬ 
ered  binary,  which  implies  that  all  information  is  processed 
in  terms  of  ones  and  zeroes.  Multiple  binary  digits  (bits) 
represent  a  word  or  decimal  figure.  In  magnetic  core  mem¬ 
ories,  a  word  is  determined  by  the  sequence  of  the  mag¬ 
netised  and  non-magnetised  cores.  Essentially  the  aarne 
procedure  applies  <o  drum  memories;  however,  instead  of 
using  a  matrix  of  cores,  bands  or  tracks  on  the  surface  of 


IKSUCb:  MAV  1964 


a  rotating  dram  are  used.  Different  computers  are  capable 
of  handling  different  word  sixes  (word  size  determines  the 
magnitude  of  the  numbers  with  which  one  can  operate.)  A 
machine  with  64  bit  capacity  could  work  with  whole  num¬ 
bers  up  to  20  digits.  In  general,  it  takes  about  3.3  bits  to 
represent  the  informstion  contained  in  one  decimal  digit. 

Although  all  internal  storage  computers  use  the  binary 
principle  of  magnetized  and  non-magnetized  elements,  their 
internal  components  may  be  wired  and  arranged  in  mark¬ 
edly  different  schemes  and,  as  a  result,  are  programmed 
differently.  Stored  program  computers  can  be  divided  into 
three  classes :  regular  binary  comp”*  -s,  alphanumeric  com¬ 
puters,  and  decimal  computers. 

The  binary  computer  performs  fewer  and  faster  internal 
operations  than  other  computer  types  and  is  well  suited  to 
solve  complex  engineering  and  scientific  problems.  However, 
communication  with  this  kind  of  computer  is  inherently 
difficult,  and  usually  requires  the  use  of  special  programs 
for  translations  to  and  from  binary. 

The  alphanumeric  computer  is  used  primarily  for  business 
applications  on  problems  such  as  payroll,  inventory,  or 
other  areas  represented  in  alphabetic  or  numeric  terms. 

The  decimal  computer  may  be  categorized  between  the 
binary  and  alphanumeric  machines  and  are  programmed 
using  numeric  digits  only.  Two  numeric  digits  are  used  to 
represent  an  alphabetic  character.  This  type  of  computer 
is  versatile  because  it  can  <S  both  scientific  and  business 
processing  problems  on  a  fairly  large  scale,  although  it  is 
not  as  efficient  on  business  and  alphanumeric  problems  as 
the  alphanumeric  computer,  nor  as  fast  on  engineering 
problems  as  the  binary  computer. 

When  a  computer  is  described  as  being  suited  to  business 
applications,  it  does  not  imply  that  it  cannot  be  used  in 
the  other  areas,  and  vice  versa.  Any  computer  can  solve 
various  kinds  of  problems  if  the  programming  is  adjusted 
to  its  special  requirements. 

A  computer’s  speed  may  be  attributed  to  a  number  of 

O  . 

Instruction  addressee  are  separate  storage  areas  in  a  com¬ 
puter.  ( Digital  machines  may  have  one  or  several  instruc¬ 
tion  addresses.)  The  advantage  of  a  three-instruction 
addr  >;ss  system  lies  in  the  fact  that  only  one  instruction 
may  be  needed  for  certain  three-step  operations,  whereas 
three  separate  instructions  are  needed  in  a  single-address 
system  for  the  same  sequence  of  operations. 

Add  time  is  the  time  required  by  a  computer  to  execute  an 
ADD  instruction. 

Average  access  time  is  the  time  required  by  a  computer  to 
obtain  a  piece  of  data  or  instruction  from  memory.  This  is 
part  of  the  add  time. 

Magnetic  tape  spied  indicates  how  quickly  data  can  be 
brought  into  or  out  "f  a  computer  from  external  tape  units. 
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Time  sharing  describes  how  many  functions  a  compute, 
can  perform  simultaneously  (reading  (R),  writing  (W), 
and  computing  (C) ).  Some  machines  can  perform  all  three 
simultaneously  (RWC);  others  can  do  multiple  reading, 
writing  and  computing  (MRWC).  The  latter  allows  mul¬ 
tiple  operations  to  be  processed  concurrently. 

Random  access  file  is  a  large  capacity,  auxiliary  storage 
unit  which  has  slightly  slower  access  than  internal  or  ‘'fast" 
storage,  because  the  disc  storage  file  is  external.  There  is 
a  time-consuming  mechanical  action  involved  in  choosing 
the  required  disc  from  a  stack  of  discs  which  are  stored 
externally. 

Peripheral  equipment  relates  to  a  computer’s  speed  in  as¬ 
similating  incoming  data  (iuput)  and  producing  final  tabu¬ 
lated  results  (output).  Results  may  be  in  the  form  of 
punched  cards,  punched  paper  tape,  or  printed  lines. 

Table  8.3.6  compares  a  selection  of  available,  general  pur¬ 
pose,  digital  computer  systems,  listed  with  regard  to  de¬ 


scending  monthly  rental  rates.  The  computers  wore  selected 
at  random1  selection  was  not  based  on  superiority  over 
other  computers  in  their  respective  price  ranges. 
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Table  83.6  T* 
( Reft 


, 

COMPUTER 

AVERAGE 

MONTHLY 

RENTAL 

(RANGE) 

Q EH DUI.  CHARACTERISTICS 

SOLID  STORAGE  CAPACTY  WORD 
STAIR  AND  TYPE  SIZE 

(K  m  1000  WORDS) 

INSTRUCTION 

AOORESS 

FILE  SI 

ADO  TIME  A1 
<»  m  MICRO  T* 
SECONDS) 

IBM  7090 

$63,000 

(55-69) 

• 

32K  Core 

186K  drum 

36h 

1 

4.4m 

UNIVAC  2107 

$45,000 
(32-  60) 

* 

16— 65K  core 

128  film 

36b 

i 

4m 

PHILCO  2000 

MOD.  210311 

$40,000 

(24-66) 

0 

8— 32K  core 

48b 

i 

15m 

0.75m 

CONTROL  DATA  1604 

$34,000 

(19-35) 

0 

8— 32K  core 

48b 

i 

4.8#$ 

UNIVAC  II 

$28,000 

(25-30) 

— 

2K  cere 

12a 

i 

200m 

HONEYWELL  800 

■! 

$22,000 

(12-30) 

0 

4— 32K  core 

12d 

3 

24m 

BURROUGHS  220 

$17,000 

(8-35) 

— 

2— 10K  core 

lOd 

1  ! 

,  ! 

2C0m 

IBM  1410 

$13,500 

(6-32) 

• 

10-  C0K  core 

la 

2  ; 

88m 

IBM  660 

$9,000 

(3.7-16) 

-- 

1— 4K  drum 

60  core 

lOd 

1 

700m 

CONTROL  DATA  160A 

$4,000 

(23-9.5) 

• 

8— 32K  core 

12b 

l 

12.8m 

PACKARD  BELL  PB440 

$3,500 

• 

4— 28K  core 

2— 4K  biax 

24b 

•:  o 

1m 

AUTONETICS  KECCMP  n 

$2,500 

(2.5-C.5) 

• 

4K  disc 

16  fast 

40b 

1 

1.08m 

RAMO  WOOLRIDGE  TRW  230 

$2300 
(1 .8-6.5) 

• 

8  -32R  core 

15b 

0-1 

12m 

SCIENTIFIC  DATA  SDS  910 

$1,700 

(1.5-8) 

• 

2— 16K  core 

24b 

1 

16m 

CONTROL  DATA  G16 

$1,500 

(1.5-4) 

— 

2K  drum 

16  fast 

29t 

1 

o40m 

PACKARD  BELL  FB260 

$1300 

(13-6) 

0 

2.3-15K  delay 

16  fast 

22b  . 

1 

I 

24m 

BURROUGHS  E101 

$875 

(0.8 — 1.4) 

— 

220  drum 

12d 

l 

50m 

HW  16K 

$355 

(0.35-6) 

• 

4K  drum 

24b 

1 

i 

700m 
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4m 
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‘ 
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90 
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• 
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1.6m 

4.8m 

6.4m 
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— 
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ISO 
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40m 
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— 
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— 
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7000 

260 

110 

160 

900 

200m 

10m 

25 

_ 

• 

300 

1000 

*00 

60 

160 

1600 

88m 

4.6m 

*1 

b 

1 

s 

R’WC 

* 

800 

500 

260 

— 

600 

700m 

4.8m 

16 

R<  WC 

• 

166 

60 

100 

— 

160 

100m 

12.8/' 

6.4m 

15-83 

RC,  WC  or 

— 

1300 

360 

100 

110 

— 

RW 

1m 

Im 

42-82 

MRWC 

— 

>100 

600 

£50 

110 

1000 

1.08m 

*M 

9m 

1.8 

. — 

— 

20 

600 

16 

160 

— 

960m 

12m 

6m 

15-41 

— 

— 

200 

300 

— 

60 

160 

16m 

8m 

3.5-41 

MRWC 

— 

200 

800 

— 

60 

300 

540m 

29.5m 

0.43 

RC.  WC 

— 

100 

400 

too 

100 

100 

1.08m 

24m 

3.07  m 

2 

— 

- 

400 

300 

- 

no 

500 

12m 

50m 

20m 

- 

— 

— 

— 

20 

— 

13 

60 

"00m 

16.7m 

- 

— 

— 

200 

1 

20 

200 

20 

~ 
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9.1  INTRODUCTION 

The  imi/ortance  of  adequate  component  procurement  spec¬ 
ification!  to  the  succesj  of  a  hardware  development  pro¬ 
gram  cannot  je  overemphasised.  Specifications  which  are 
too  stringent  can  be  as  detrimental  at  specifications  which 
are  too  lax.  Performance  *pecihcatlona,  fer  instance,  must 
not  only  clearly  Identify  all  the  component  requirements, 
but  must  also  include  surtcient  quality  assurat.oe  provision* 
uo  that  compliance  can  be  verified. 

Th>.  purpose  of  this  section  of  the  handbook  is  to  describe 
specification  types,  present  guidance  for  the  adequate  prep¬ 
aration  of  fluid  component  specifications,  and  identify 
applicable  documents  commonly  referenced  in  fluid  compo¬ 
nent  specifications. 

3.2  SPECIFICATION  TYPES 

Fluid  component  specifications  can  be  categorised  ac.  aid¬ 
ing  to  one  of  the  following  three  basic  types:  performance, 
manufacturing,  and  proprietary.  Each  type  is  outlined 
below  and  discussed  in  detr.il  in  subsequent  paragraphs. 

1)  Performance  Specification.  Identifies  the  constraining 
parameters,  details  the  required  performance,  and  spec¬ 
ifies  the  tests  needed  to  verify  conformance  of  the  prod¬ 
uct  to  performance  requirements. 

2}  Manufacturing  Specification.  Identifies  tne  complete 
design,  including  materials,  processes,  tolerances,  dimen¬ 
sions,  and  configuration,  in  sufficient  detail  for  any 
qualified  manufacturer  to  produce  the  product. 

3)  Proprietary  Specification.  Identifies  the  exret  make, 
model,  or  part  number  and  allows  no  latitude  for  devi¬ 
ation  from  the  specified  item(s). 
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9.2.1  Performance  Specification 

A  performance  spxiflcation  ir.  a  clear  and  accurate  de¬ 
scription  of  the  design,  construction,  ant.  performance 
requirements  of  a  product,  with  provisions  for  determining 
compliance  of  the  end  product  to  the  description.  A  per¬ 
formance  specification  is  written  as  the  basis  for  the  pro¬ 
curement  of  an  end  product  which  will  completely  fulfill 
all  specified  requirements. 

To  accomplish  thh  objective,  a  performance  specification 
must  provide  complete  and  thorough  answers  to  the  fol¬ 
lowing  basic  quest’ons: 

What  u  the  product? 

Wiiat  physical,  chemical  or  mechanical  constraints  are 
imposed  on  the  product*’ 

What  must  the  product  do? 

Ir.  what  environments  must  it  function,  and  within 

what  limits? 

What  testa  and  inspections  will  prove  performance  and 
compliance  with  requirements? 

How  is  the  product  to  be  finished,  marked,  cleaned, 
packaged,  etc.? 

What  documentation  is  requii  ad? 

What  are  the  life  and  r  liability  requirements,  and  how 
is  compliance  to  be  demonstrated? 

What  are  the  maintenance  requirements? 

A  well-written  specification  will  answer  each  of  the  above 
questions  clearly.  If  any  question  is  not  answered,  it  is 
possible  that  something  has  been  overlooked,  and  trouble 
may  be  experienced  during  procurement  or  application  of 
the  product. 

Many  component  problems  in  aerospace  fluid  systems  can 
be  traced  to  performance  specifications  which  either  lack 
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important  information.  rr  are  bused  on  uiw-rult»Lr«lly 
stringent  n  quirementx.  Speei'leution*  which  do  not  ade¬ 
quately  cover  component  requirements  will  usually  result 
in  compuient*  fa i linir  meet  their  intended  function,  with 
an  expen <ive  redevelopment  and  retrofit  program  then  re 
qulred  to  correct  component  deficiencies  resulting  from  the 
specification  errors. 

Alternately,  unnecessarily  stringent  or  conservative  speci 
ttratiou*  w  '  require  excessively  long  and  expensive  devel¬ 
opment  premiums,  result  mu  in  over-designed  units. 

the  added  design  complexity  requi  ad  to  meet  unreaaon- 
nhly  severe  fur-tionsl  require merts  such  as  response  time, 
leakage,  regulation  bands,  and  unrealistic  environmental 
requirements,  often  results  in  excessive  coats,  long  delivery 
times,  and  unrellaNe  systems.  A  good  performance  specifi¬ 
cation,  therefore,  must  carefully  consider  all  the  require¬ 
ments  of  the  component  for  *ts  intended  function,  but 
should  alao  avoid  placing  on  the  component  severe  per¬ 
formance  or  environmental  margins  which  could  aerioualy 
compromise  the  end  result. 

Many  problems  in  aeroap  ice  fluid  systems  can  also  he 
traced  to  teat  programs  which  were  either  not  rigorous 
rnouifh  to  evaluate  the  performance  adequately,  or  were  so 
stringent  that  time  and  money  were  wasted  b>  testing  for 
objectives  that  were  impossible  or  unnecessary  to  achieve. 
Failure  to  specify  and  test  for  ( ’ )  dynamic  conditions 
involving  component-system  interactions,  (2)  anviron- 
mental  transients,  such  au  thermal  shock,  and  (3 )  vibratory 
conditions  are  common  component  specification  short¬ 
coming!  which  can  result  in  serious  setbacks  to  system 
developma.it  programs. 

9.2.2  Manufacturing  Specification 

A  manufacturing  specification  U  a  document  containing 
enough  detailed  information  tc  produce  the  end  product 
described  n  it  hoot  requiring  any  additional  design  work. 
This  specification  contains  the  necessary  design,  materials, 
dimensions,  and  manufacture ng  methods  information  neces¬ 
sary  to  produce  the  product. 

This  type  of  speculation  is  often  used  t  >  obtain  competi¬ 
tive-  procurement  of  a  well-seasoned  design,  and  if  properly 
prepun-d  and  administered,  cun  produce  a  competitive  pro¬ 
curement  of  u  very  complex  product  ut  a  minimum  cost 
and  with  short  delivery  schedule1 . 

Particular  care  should  he  taken  to  prevent  inclusion  of 
performance  specifications  und  test*  in  a  manufacturing 
specification.  Such  a  combination  of  performance  and  man- 
ufactuung  specifications  may  be  unenforceable,  because  if 
f  >r  some  reason  the  specified  design  and  manufacturing 
datu  do  not  produce  a  component  with  the  specified  per¬ 
formance.  the  specification  is  obviously  in  conflict  within 
its  own  sections,  und  the  contractor  cannot  be  held  re¬ 
sponsible. 


9.2.3  Proprietary  Specification 

The  proprietary  specification  specifies  the  required  prouuct 
by  make,  model,  and  manufacturer's  part  or  catalog  num- 
he..  This  type  of  specification  Is  the  easiest  means  of 
delineating  the  required  item,  und  assures  .  the  specific 
component  desired  will  be  furnished.  The  proprietary  speci¬ 
fication  should  never  Include  the  words  or  equal  or  similar 
phi  sseology,  because  the  burden  of  proof  of  equality  is  on 
the  purchaser,  if  the  words  or  equal  or  similar  phraseology 
are  required  by  governmental  regulations,  then  a  perform¬ 
ance  specification  should  be  used,  with  clearly  defined  tests 
and  inspections  Included  to  verify  equality.  Sub-Topic  O.b.6 
discusses  the  «»•  equal  clause.  When  performance  and  test 
requirements  are  included,  the  specification  is  no  longer  a 
proprietary  specification,  but  becomes  a  performance  speci¬ 
fication. 


9.3  SPECIFICATION  FORMAT 

The  format  of  u  specification  should  be  ns  simple  as  pos¬ 
sible,  and  arranged  In  such  a  munner  that  Information  of 
a  specific  type  may  be  readily  located  and  efarenced. 
AFSCM  175-1  and  DefeJ.se  Standardirstion  Manual  M-200 
present  the  itenerul  format  which  Is  widely  used  both  lr» 
governmental  und  industrial  specifications.  The  major  sec¬ 
tions  of  a  specification,  listed  below  In  the  commonly  ac¬ 
cepted  order,  are: 

Scope  ' 

Applicable  Documents 

Requirements 

Quality  Assurance  Provisions 
Preparation  for  Delivery 
Notes 

The  level  of  detail  under  each  heading  is  a  function  of  the 
complexity  of  the  device  or  system,  and  the  type  of  speci¬ 
fication,  either  proprietary,  manufacturing,  or  performance. 
Since  the  proorietary  specificat.on  usually  requires  only 
me  puii  number  to  describe  an  item,  the  standard  format 
wi’i  contain  sections  which  arc  not  necessary,  such  as 
“Scope”  and  “Applicable  Documents."  The  use  of  section 
headings  is  still  suggested,  however,  in  assuring  that  qual¬ 
ity  assurance  and  preparation  for  delivery  are  adequately 
specified. 

The  manufacturing  and  performance  specifications  utilise 
all  sections  of  the  standard  format,  and  contain  u  high  ’evel 
of  detail  in  each  section. 


9.4  SPECIFICATION  CONTENT 

The  contents  of  earh  of  the  six  standard  specification  sec¬ 
tions  are  discussed  in  the  following  paragraphs.  Table  9.4 
lists  th.<  major  topics  which  should  be  included  in  each 
section. 
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Table  t.4.  Spaclft— tten  Content 


Patti—  1  —  8— M 

a)  Brief  statement  of  coverage 

b)  Brief  description  of  (torn 

c)  Type  or  clou  of  Item 

Boctl—  t  —  AypHeabV  Do— m— 1« 

a)  Referenced  specifications 

b)  Refer— 4  a  tend*!  da 
e)  Referenced  drawings 

d)  Keferenoed  exhibit  a 

•)  Referenced  public* tiona 

Betti—  t  —  Be— toot*— ta 

•)  Perform— 

b)  Q— Hflea+t— 

c)  Semple  or  pilot  model 

d)  Material* 

e)  Design  dotaiia 

f)  Oe—trwtl— 

•)  Operating  environmental 
h)  Lubrtea Urn 

I)  Standard  port 

j)  Interchangeability 

k)  Weight  end  dinenalon *1 

l)  Phaleh 

m)  Connection  and  interface 

n)  Locking 

o)  Contamination 

p)  Reliability 

t)  MahitalnaMHty 
r)  Workmaaehip 

a)  Radio  interference 

t)  Storage 

a)  CleanabilKy  (drainage,  trapped  arena,  etc.) 
t)  Miahavm  dealgn  aafety  fact  ra 


ftrcti—  4  —  Qaal'ty  Aaanrjince  Provisions 
m>  Teat  methods  and  procedures  to  support  requirement  m 
stated  in  Section  8.,  Including  criteria  for  success 
Development 
Design  verlflcntlon 
Quallflcntlon 
Production 
Acceptance 

h)  Rampling  requirements  and  procedures 
c)  Examinations  and  Inspection^ 


Betti—  I  —  Preparation  for  Delivery 

a)  Cleaning 

b)  Patntir  p 

c)  Packaging 

d)  Preserving 
a)  Narking 

f)  Identification 


Recti—  t  —  Notea 

a)  Safety 

b)  Intended  use 

c)  Drawing  and  data  requirements 

d)  Test  reports 
e>  Ordering  data 

f)  Maintenance  data  requirements 

g)  Special  tool* 

h)  Symbols 

I)  Definitions 

j)  Miscellaneous 

k)  Failure  analysis  reports 


9.4.1  Snpi  (SnN«i  1) 

The  "Scope”  section  may  ba  a  very  biief  statement  indi- 

ft—  fiftysfRy  nt  thv  dMp{Ap«HAfi  f—r  «  «{M|pU  f§Ryir«( 

or  It  may  require  a  long  description  of  Untiling  .mrameters 
for  a  more  complex  device  or  ayatem  having  a  difficult 
interface  definition. 

9.4.2  AppMcabte  Dacia— ta  (faction  2) 

The  proper  use  and  application  of  "eferenced  documents 
is  one  of  the  moat  difficult  aspects  of  specification  writing. 
The  specification  writer,  usually  pressed  for  time,  is  often 
unable  to  investigate  thoroughly  the  content  and  appli¬ 
cability  of  the  referenced  documents.  As  a  result,  specifi¬ 
cations  may  not  ill  out  the  extent  of  applicability  of 
reference*  document*,  and  documents  are  .ftan  listed 
which  art  never  again  referenced  or  used  In  the  ipecihca- 
ti— .  A  tabu  la  ti—  of  frequently-uasd  applicable  documents 
fer  field  component  specifications  is  ahown  in  Subaactlon  9.6. 

ftftiucoi  ncanuArv  i*to 
tunc  am  oca:  ocToatn  ini 


Several  rules  which  arc  commonly  followed  us  an  ad  m 
the  preparation  of  un  Applicable  Documents  sectic  n  arc: 


-  \  I  Li  ^-l..  a  I _ . Li_L _ _  - It _ t. _ 

\i  tsioi  wiij  uiune  ttiAUiiiravti  wiuui  uiv  ui  iuhiij'  ttu«  rvi 

in  the  specification  text. 


L)  In  the  specification  text  indicate  the  specific  portions  of 
the  applicable  document  which  are  pertinent. 


c)  Specify  the  date  of  issue  or  date  of  applicability  o '  the 
referenced  document.  For  example,  the  words  "1  ited 
issue"  ure  not  enforceable  und  should  not  be  u>e«'  be 
cause  a  contractor  can  only  bid  on  a  definable  sd  of 
specifications  of  a  specific  date.  The  date  of  bid  is  -oie 
monly  used  as  date  of  applicability.  In  some  pro.  tiro 
menta,  an  earlier  issue  of  the  referenced  document  mnj 
be  desired  and  thus  specified  to  utilize  desirable  fen 
tures  of  an  out-duted  document. 


d)  Review  the  referenced  documents  to  assure  thi  t  they 
are  actually  applicable. 
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9.4.3  Rsquirftmtnts  (Section  3) 

The  "Requirements"  .ection  should  lie  the  basis  for  the 
specification,  with  all  other  sections  supp<  rting  thi  key 
section.  It  should  contain  a  -omplete  description  of  the 
performance,  test,  design,  construction,  and  other  charac¬ 
teristics  I'ojuired  of  the  product.  The  performance  require¬ 
ments  of  n  performance  -peciiicat  ion  should  he  clearly 
stated  in  this  section,  and  the  remainder  of  the  specifica¬ 
tion  should  he  tailored  to  assure  that  the  item  is  tested, 
packaged,  inspected,  and  documented  to  assure  this  per¬ 
formance.  Test  requirements  should  hr*  stated  very  briefly, 
and  the  detailed  test  procedures  to  implement  the  test' 
requirements  should  he  t  iclude  I  under  “Quality  Assurance 
Provisions.” 

The  inclusion  of  all  ct..ical  performance  parameters  in  the 
"Requirement.-"  section  is  of  utmost  importance  in  the 
prepat utio  i  of  a  performance  specification.  As  an*aid  in 
the  preparation  of  performance  requirements.  Table  9.4.3 
list.-  typical  iluid  t  mponent  pcrfttrmttnee  parameters,  indi¬ 
cate.  g  the  types  of  components  t«»  which  they  normally' 
apply.  ' 

The  "Requirements"  section  of  a  performance  specification 
should  define  each  operating  parameter  under  which  the 
device  being  specified  must  perform.  This  definition  should 
include  the  operating  environment  as  well  as  the  inter- 
action  of  the  component  with  the  system  in  vfhich  it  is 
installed.  Performance  requirements  should  include  the 
number  .,f  operating  cycles  required  of  the  component^- 

It  is  important  that  in  addition  to  steady-state  factors  the 
performance  requirements  shouid  include  dynamic  or  tran¬ 
sient  conditions.  Other  farters,  such  as  thermal. Interaction 
and  contamination  to  and  from  the  system,  should  be 
clear’y  defined. 

The  ideal  performance  specification  contains  the  actual 
required  upper  and  lower  performance  lim.ts  of  a  com¬ 
ponent.  In  u  new  field  involving  research  and  development, 
however,  the  performance  margins  may  ho'  be  well  defined. 
Under  these  circumstances,  a  safety  factor  may  have  to  be 
applied  to  certain  performance  parameters  to  aumre  a 
riuccvssfu!  of  Ssft?tv  factors  should  be 

selected  with  great  care  to  assure  a  reliable  end  product  as  a 
minimum  requirement,  and  still  stay  within  the  limits  of 
practicability  and  cost  at  the  other  extreme.  Another 
precaution  which  should  be  taken  when  su.'ei.y  factors  t re 
being  assigned  is  to  assure  that  the  safety  factor  is  only 
taken  once.  In  large  programs  invol  ring  many  persons, 
groups  and  agencies,  there  have  been  instances  where  each 
group  takes  en  additional  safety  factor,  compounding  the 
original  ai  ,i  valid  requirement.  When  this  happens,  cost  and 
weight  are  almost  always  excessive  and  occasionally  the 
limits  of  practicality  are  exceeded. 

.V  • 

After  the  performance  requirements  ha\  been  specified,  a 
cross-check  should,  be  made  with  test  requirements  to 
assure  compatibility  of  ihe  two  sections.  Because  a  per¬ 
formance  requirement  is  meaningful  only  if  a  means  of 
testing  the  performance  can  be  accomplished,  a  test  should 
lie  provided  for  each  performance  requirement  and  each 
test  requirement  should  relate  to  one  or  more  oerformance 
requirements. 

9.43 


9.4.4  Quality  Anuranot  Rrovisiont  (faction  4) 

Hi  is  section  should  Include  Jill  teat  methods,  teat  proce¬ 
dures,  and  inspections  neceaaary  to  aupport  the  "Require¬ 
ments"  section  of  the  specification.  (Tatting  provisions  are 
normally  applicable  only  to  a  performance  specification.) 
Test  retirements  should  be  stated  in  sufficient  detail  to 
establish  communication  between  buyer  and  seller.  Teat 
plans,  which  describe,  in  genet  ai,  what  testing  is  to  be 
accomplished,  should  be  Included  under  Quality  Assurance 
Provisions  The  supplier  produces  detailed  tost  procedures 
fron.  the  plana 

9.4.4. 1  TYPKH  OF  TESTS.  There  are  three  basic  reasons 
for  testing  a  device  or  system:  fo  determine  (1)  what  the 
component  or  system  will  do,  (2)  the  ability  of  a  device  or 
system  to  withstand  the  operating  environment,  und  (3) 
how  long  or  how  reliably  the  component  or  system  will 
per'orm  without  failure.  The  tests  used  to  make  these 
determinations  arc  cilled: 

a)  Functional  tests  (performance) 

b)  Environmental  tests 

c)  Reliability  tests  (li;e  and  limit) 
d>  Development  tests 

e)  Design  verification  tests 

f)  Prcquullfk..tion  tests 

g)  Qualification  tests 

h)  Preproduction,  pilot  model,  pilot  lot  tests 

i)  Production  acceptance  tests 

j)  Production  monitoring  tests 

k)  System  integration  tests. 

The  extent  of  testing  is  usually  a  compromise  between  (1) 
testing  which  is  necessary  to  assure  reliability,  and  (2)  the 
time,  money,  and  facilities  available  to  perform  the  test. 
This  trudeolf  is  especially  difficult  to  make  in  components 
which  are  to  be  utilized  in  space  vacuum  and  zero  grainy, 
because  of  the  cost  associated  with  environmental  simula¬ 
tion. 

Functional  Tests.  Functional  tests  are  performed  to  deter¬ 
mine  the  operating  parameters  of  a  component  or  system; 
they  determine  such  characteristics  as: 

Flow  rate 

Pressure  drop 
Strength  (prooi  or  bum) 

Internal  leakage 
External  leakage 
Flow  and  pressure  control 
Response 

Power  requiraments 
Repeatability 
Contamination  tolerance 

Environments!  Tests.  Environmental  teats  are  specified  to 
simulate  the  most  seven  standby  or  operating  conditions 
anticipated  for  th-  component  or  system.  Compatibility  of 
a  component  with  its  operating  environment  is  normally 
determined  by  testing  under  separate  environments,  e.g., 
vibn.Jon,  low  temperature,  etc.  The  effect  of  combined 
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Tab:*  9.4.3.  Performance  Parameter*  for  Typtcn!  Fluid  Components 


Flow 

Multiple 

Shutoff 

Control 

Pressure 

Relief 

Servo 

Explosive 

Valves 

Check 

Valves 

Valves 

Regulators 

Valves 

Valves 

Valves 

Valves 

WORKING  FLUID($> 

PRESSURE  CONSIDERATIONS 

X 

X 

X 

X 

X 

X 

X 

X 

Burst  Pressure 

X 

X 

X 

X 

X 

X 

X 

X 

Proof  Pressure 

X 

X 

X 

X 

X 

X 

X 

X 

Operating  Inlet  Pressure 

X 

X 

X 

X 

X 

X 

X 

X 

Operating  Outlet  Pi  rsure 

X 

X 

X 

X 

X 

X 

X 

X 

Dlffeientlai  Pressure  at  Rated  'low 

X 

X 

X 

X 

X 

X 

Crocking  Pressure 

X 

X 

Reseat  Pressure 

Outlet  Pressure  Symmetry  (multiple  outlet 

X 

X 

ports) 

lockup  Pressu-t 

X 

X 

X 

lockup  Differential  Pressure 

X 

Outlet  Pressure  Regulation  Range 

X 

X 

X 

Pressure  (load)  Droop 

Reference  Pressure  Sensing  Considerations 

X 

X 

X 

FLOW  CONSIDERATIONS: 

Rated  Flow  (load  and  r.s-lood  as  applicable) 

X 

X 

X 

X 

X 

X 

X 

X 

Flow  Rang*  (tbrottlixj'.  i  1 5ty / 

Flow  Coefficient 

X 

X 

X 

X 

X 

X 

X 

Flow  Characteristics  0 Inear,  parabolic,  etc.) 

X 

X 

Load  Flow  —  Pressure  Characteristics 

X 

Saturation  Flow 

X 

Outlet  Flow  Symmetry  (multiple  outlet  ports) 

X 

X 

LEAKAGE  CONSIDERATIONS: 

External  Leakage 

X 

X 

X 

X 

X 

X 

X. 

X 

Internal  Leakoge 

X 

X 

X 

X 

X 

X 

X 

X 

Null  Leakage 

Quiescent  Flow  (leakage  flow  versus  spool 

X 

position,  max  at  null) 

X 

INPUT  POWER  OR  FORCF  CONSIDERATIONS: 

Actuation  Force  or  Torque 

X 

X 

X 

Actuation  Power 

X 

X 

X 

X 

X 

Pull-In  Voltage 

X 

X 

Holding  Voltagu 

Drop-Out  Voltcge 

Coll  Resistance  and/or  Impedance 

X 

y 

X 

X 

X 

X 

X 

X 

Rated  Current 

X 

X 

X 

X 

Quiescent  Current 

X 

f4ull  Bias  Current 

X 

Dlthor  Currant 

All— Fir*  Currant 

X 

X 

No-FIr*  Current 

Phasing  and/or  Polarity 

X 

X 

X 

X 

OUTPUT  VERSUS  INPUT  CONSIDERATIONS: 

Time  Response 

X 

X 

X 

X 

Deadband 

X 

X 

X 

Linearity 

X 

X 

Hysteresis 

X 

X 

X 

Resolution 

X 

X 

Gain  (flow  and/or  pressure) 

X 

X 

Null  Pressure  Gcln 

X 

Hydraulic  or  Flow  Null 

Null  Shift  (pressure  and  temperature  effects) 

X 

X 

Trc.r  .lent  (step)  Response  Time 

Overshoot  Allowable  and/or  Settling  Time 

X 

X 

From  Step  Input 

Frequency  Response,  PHc.e  lag,  Amplitude 

X 

X 

Ratio  (lond  and  no-load) 

X 

X 

X 

Feedback  Considerations 

X 

LIFE  CONSIDERATIONS: 

Duty  Cycle 

Operating  Cycle  (total  time  and/ai  number 

X 

X 

X 

X 

X 

X 

X 

X 

of  cycles) 

X 

X 

X 

X 

X 

X 

Ll _ 

X 
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environment*  operating  simultaneously  is  an  important 
consideration,  however,  and  should  be  considered  as  part 
of  an  environmental  test  program.  As  combined  environ¬ 
mental  testing  is  very  expensive,  complete  combined  envi¬ 
ronmental  simulation  is  not  practical.  Tests  must  be 
carefully  selected  to  provide  the  best  simulation  within  the 
confines  of  budget  and  schedule.  Typical  exposures  included 
in  environmental  test  specifications  ere: 

Temperature 
Humidity 
Salt  spray 
Sund  and  dust 
Altitude  (vacuum) 

Shrek 

Vibration 

Acceleration 

Acoustic  noise 

Chemical  compatibility 

Radiation 

Fungus 

Reliability  Tests.  Reliability  tests  arc  performed  to  deter¬ 
mine  the  probability  that  a  component  will  fulfill  its  in¬ 
tended  function.  Components  which  are  cyclic  in  operation 
are  usually  tested  for  number  of  operating  cycles  until 
failure,  and  components  which  operate  continuously  are 
usunliy  tested  to  determine  the  mean  time  to  failure.  Cyclic 
tests  can  usually  be  repeated  with  sufficient  frequency  to 
simulate  the  operating  cyclic  life  in  a  reasonably  short 
test  period.  On  the  other  hand,  continuous  life  tests  may 
be  difficult  to  simulate,  particularly  on  components  designed 
to  operate  thousands  of  hours  in  normal  service. 

Limit  testing,  or  performance  margin  testing,  determines 
the  margin  of  safe  operation  over  and  above  design  condi¬ 
tions.  Limit  tests  are  conducted  by  progressively  increasing 
the  severity  of  u  test  parameter,  such  as  temperature,  until 
the  component  fails.  The  margin  of  safe  operation  over  the 
design  conditions  is  a  measure  of  the  component’s  func¬ 
tional  reliability. 

Tests  may  also  be  categorized  according  to  the  time  or 
phase  of  i  program  during  which  the  tests  are  performed. 
Such  tests  are: 

Development  Tests 
Design  Verification  Tests 
Prequalification  Tests 
Qualification  Tests 
Preproduction  Tests 
Production  Acceptance  Tests 
Production  Monitoring  Tests 
System  integration  Tests 

All  of  these  in?lude  functional  tests,  and  may  also  include 
environmental  and  reliability  tests. 

Development  Tests.  These  tests  are  performed  on  initial 
prototype  hardware  or  sub-assemblies  to  check  out  the 

9.4-5 


design  parameters  during  the  development  process.  Devel¬ 
opment  testa  should  be  used  to  verify  such  factors  as  flow 
areaa,  pressure  drops,  liking  of  subcomponents  for  power 
drain,  and  functional  operation  plus  all  other  requirements 
necessary  to  produce  a  complete  set  of  engineering  draw¬ 
ings  which  will  describe  a  component  capable  of  meeting 
its  scarification  requirements.  The  model  used,  for  such 
tests  is  usually  »  “breadboard,’,’  “boiler  plate,"  or  “engi¬ 
neering  model”  which  has  been  produced  specifically  for 
these  tests.  The  te.its  should  serve  to  provide  data  required 
to  make  Ana!  a  new  design  or  to  optimize  an  existing 
design  to  comply  with  new  requirements.  Adjustments, 
rework,  repair,  and  retest  are  normul  functions  during  a 
development  test.  Specifications  should  require  that  ail 
activities,  adjustments,  and  repairs  be  accurately  receded 
during  testing.  Reasons  for  repair  ar  well  aa  details  of  all 
repuirs  and  adjustments  should  be  documented  for  future 
correlation  with  the  production  uniLv 

Design  Verification  Tests.  These  tests  jniould  be  run  on  ini¬ 
tial  prototype  hardware  prior  to  ppdceeding  to  production 
drawings  und  actual  fabrication  of  production  hnrdwurc. 

Test  requirements,  toward  whtfh  the  manufacturer  should 
design,  should  br  spelled  nut 'specifically  In  the  component 
specification.  Design  verification  tests  are  planned  to  prove 
thnt  a  component  h:.  ,  the  capability  to  meet  all  of  its 
functional  and  the  most  critical  of  its  environmental 
'  requirements.  Component  design  verification  tests  allow 
system  tests  to  be  started  with  maximum  assurance  that 
components  have  proven  the  cupubility  for  performing  their 
system  function  prior  to  performing  time-consumi.ig  life 
or  reliability  tests 

Prequaliflcution  Tests.  Prequalification  tests  (also  called 
design  approval  tests,  preliminary  flight  rating  tests,  and 
flight  certification  tests)  are  run  on  production  hardware 
prior  to  their  use  for  flight  testing  to  determine  whether 
the  article  fabricated  by  production  tooling  and  techniques 
will  perform  as  capably  as  when  fabricated  ns  a  prototype. 
These  tests  should  include  ail  functional  and  environmental 
requirements,  and  some  life-cycle  tests.  The  testsgmust 
prove  at  this  point  that  the  production  hardware  is  capable 
of  meeting  all  of  the  required  parameters  for  at  least  tne 
length  of  time  required  by  the  flight  test  program.  Special 
“stress  to  failure’’  tests  are  sometimes  included  as  part  of 
prequalification  testing.  These  tests,  which  tan  be  destruc¬ 
tive,  are  designed  to  prove  mnigins  of  safeiv  over  mini¬ 
mum  design  requirements. 

QuaMfication  Tests.  Qualification  tests  are  normally  formal  > 
demonstrations  (in  contrast  to  evaluations)  with  produc¬ 
tion  hardware,  and  are  the  final  test  requirements  to  be 
met  by  the  component.  A  primary  difference  between  for¬ 
mal  qualification  tests  and  other  tests  is  that  this  test  is 
used  to  demonstrate  rather  than  evaluate  the  product. 
They  should  consist  of  all  the  steps  taken  in  prequalifica¬ 
tion  tests,  as  well  as  the  following: 

1 )  The  component,  tested  should  be  randomly  selected, 
representative  production-type  hardware  ana  made 
entirely  with  the  manufacturer’s  production  tooling 
und  processes. 
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2)  The  number  of  simples  tested  should  bo  adequate 
to  prove  that  the  components  are  statistically  ca¬ 
pable  of  meeting  their  reliability  requirements. 

8)  The  testa  should  be  repeated  at  various  undefined 
points  during  the  production  phase  of  the  program 
to  assure  that  the  last  components  made  meet  the 
same  standards  as  the  first. 

Preproduction,  Pilot  Model,  Pilot  Lot  Tests.  When  an  ex¬ 
tensive  production  run  of  products  is  anticipated,  tests  are 
often  performed  to  check  the  conformance  of  the  prepro¬ 
duction  or  pilot  units  prior  to  commencing  a  full  scale 
production  run.  These  tests  are  called  prepioduction  tests, 
pilot  model  tests,  or  pilot  lot  tests.  The  Individual  tests  muy 
consist  of  any  or  all  of  the  tests  in  the  categories  of  func¬ 
tional,  environmental,  o:  reliability  testing. 

Production  Acceptance  Testa.  These  are  non-destructive 
tests  run  on  deliverable  production-type  hardware  to  as¬ 
sure  that  they  are  identical  in  design  md  rr  i.jufacture  to 
those  components  which  have  previously  completed  the 
formal  qualification  and/or  prequalification  test  programs. 
Although  these  vests  are  of  a  quality-control  nature,  they 
are  an  integral  part  of  the  step-by-step  program  to  eneure 
a  satisfactory  end  product.  During  early  hardware  produc¬ 
tion,  acceptance  tests  may  include  limited  environmental 
testing.  Testing  of  thin  nature  is  commonly  called  Produc¬ 
tion  Environmental  Testing  (PET).  These  tests  usually 
start  on  a  100  percent  basis,  with  the  number  of  parts 
tested  reduced  to  a  sampling  basis  as  c  •nfidence  in  the 
production  is  increased,  until  the  PET  testing  is  ultimately 
dropped  with  subsequent  acceptance  testing  limited  to  the 
normal  perfunctory  bench-type  functional  tests. 

Production  Monitoring  Tests.  These  tests  are  conducted  at 
prescribed  intervals  to  subject  the  product  to  more  inten¬ 
sive  or  extensive  conditions  than  are  encountered  in  the 
l  ormal  production  acceptance  test.  These  tests  ca-  be 
either  destructive  or  non-destructive  and  are  performed  on 
a  sampling  basis. 

System  Integration  Tests.  These  tests  are  performed  to 
evaluate  the  compatibility  of  the  components  with  system 
requirements,  and  serve  to  evaluate  and  eptimize  checkout 
and  operating  procedures.  Although  a  component  may  have 
been  correctiy  designed  to  fulfill  its  own  function,  its  com- 
patibili.y  with  related  equipment  end  its  workability  as 
part  of  an  integrated  system  must  be  demonstrated. 

9.4.4.2  CRITERIA  FOR  SUCCESS.  jKach  test  -ection  in  a 
performance  specification  should.  contain  a  clear  statement 
of  criteria  for  successful  completion  of  the  test.  Unless 
this  is  done,  enforcement  of  performance  requirements  can¬ 
not  be  accomplished. 

An  example  of  the  importance  of  success  criteria  was 
demonstrated  on  a  pump  ,  rocurement  be.:  ed  on  a  test 
specification  requiring  a  iOOt  hour  )>fs  test.  However,  cri¬ 
teria  for  successful  test  completion  were  not  specified.  The 
pump  operated  1000  hours  successfully,  but  disassembly 
after  test  revealed  cracked  and  broken  bearings.  Since  ade¬ 
quate  criteria  for  success  had  not  b«en  specified,  the  test 


,-.as  considered  -o  have  been  successful.  The  production  run 
of  several  hundred  pumps  experienced  similar  cracked 
bearings  in  service,  and  were  luter  rebuilt  at  an  extremely 
high  cost. 

9.4.5  Preparation  for  Delivery  (Section  6! 

This  section  should  include  all  necessary  information  on  the 
packaging  an  1  packing  of  the  component  to  assure  safe 
delivery  to  th,  destination,  and  should  take  into  considera¬ 
te  .  the  duration  and  environment  of  the  storage  to  which 
the  product  will  be  subjected  prior  to  ultimate  use. 
Particular  attention  shouM  be  given  to  the  cleaninf  portion 
of  a  specification  for  fluid  components  io  assure  that  the 
cleanliness  require  no n ts  are  realistic  and  tnat  cleanliresa 
standards  can  be  achieved  at  a  reasonable  cost. 

9.4.6  Motes  (Section  6) 

This  section  is  designed  to  include  any  information  which 
does  not  readtiy  into  he  other  sections,  and  usually 
includes  such  information  as  intended  use,  ordering  data, 
symbol*:  and  definitions.  The  information  related  to 
intended  uae  is  of  particular  importance  to  a  manufacturer, 
and  inclusion  of  this  infomr.tion  may  eliminate  many 
misunderstandings  between  the  procuring  agency  and  the 
producer. 

9.5  SPECIFICATION  LANGUAGE 

9.5.1  General 

The  success  of  a  device  or  system  is  highly  dependent  upon 
the  quality  of  the  specification  to  which  the  item  or  system 
is  constructed.  The  wording  of  a  specification  must  be 
clear,  concise,  and  non-conflicting. 

9.5.2  Contractual  Language 

The  word  “shall”  is  used  for  all  contractually  binding  re¬ 
quirements.  The  use  of  “will,”  "should,”  or  “may”  indicates 
recommended,  desirable,  or  preferable,  but  non-mandatory 
requirements.  Wl,en  ‘Vhall”  is  used  the  requirement  iu 
binding  on  either  the  contractor  or  the  purchaser.  The  word 
“will”  is  used  to  express  a  declaration  of  purpose  or,  the 
part  of  the  purchaser.  ; 

9.5.3  Measurement  Terminolpg/ 

/ 

Dimensions,  capacities,  sizes,  temperatures,  accuracies,  and 
tolerances  should  be  specified  in  accordance  with  accept¬ 
able  governmental  or  industrial  practice.  The  use  of 
percentage  tolerances  should  be  avoided  when  absolute 
values  can  be  assigned.  For  instance,  95  to  105  volts  would 
be  preferable  to  100  volts  *  5  percent.  The  use  of  absolute 
values  eliminates  the  need  for  unnecessary  arithmetic.  If 
there  is  a  strong  desire  to  ind'eate  a  nominal  value  100  ±  5 
volts  would  be  used.  The  sp-cificetion  of  thickness  or 
diameter  by  a  gage  number  alone  should  not  be  used.  If  a 
gage  number  is  indicated,  the  actual  thickness  or  diameter 
should  also  be  indicated. 
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9.5.4  Unenforceable  t’hraseolofy 

A  specification  has  little  value  if  it  contains  expressions 
and  phrases  which  cannot  be  enforced  contractually.  A 
review  of  specifications  will  often  reveal  phrases  similar 
to  the  following: 

a)  "In  accordance  with  good  ommercial  practice..." 

This  phrase  is  meaningless  because  good  commercial 
practice  may  not  be  satisfactory,  and  even  if  commer¬ 
cial  practice  is  satisfactory,  the  phrase  does  not  refer 
to  any  industrial  standard  or  code  for  performance 
standards,  and  therefore  is  unenforceable. 

b)  “The  intent  of  this  specification  is  to . . .” 

This  phrase  appears  frequently,  and  is  usually  ineffec¬ 
tive  because  contracting  personnel  can  only  enforce  the 
requirements  of  the  contract,  and  may  experience  diffi¬ 
culty  enforcing  the  "intent”  of  the  specifications.  A 
specification  should  contain  the  requirement  rather  than 
the  intent  of  the  purchaser. 

cl  “The  relays  ahull  be  capable  of  closing  when  a  28-volt 
sign  >  is  applied  ..." 

Whether  the  relay  is  capable  of  closing  or  no*  is  unin. 
portant.  The  important  fact  is  whether  or  not  the  relay 
closed.  The  specification  should  have  read  . . .  "The  relay 
con*-  ts  shall  close  when  a  28-volt  signal  is  applied." 
I  ll  .cord  “capable”  is  used  only  where  some  necessary 
cor.  ..cion  of  performance  has  not  keen  stated.  For  ex¬ 
ample,  “The  pyrometer  shall  be  ccpabl<  of  indicating 
ambient  temperature  with  the  range  of  32  to  100  de¬ 
grees  Fahrenheit.” 


d)  “As  a  design  objective  the.  .  .” 

This  phrase  implies  that  it  m*  ae  impossible  to  meet 
some  objective  or  criteria,  and  that  the  contractor 
should  at  least  try  to  approach  the  requirement.  Phrases 
of  this  type  cannot  be  admini»*ered  or  enforced. 
Wherever  possible,  a  specification  should  contain  firm 
quantitative  requirements  which  can  be  evaluated, 
rather  than  the  unenforceable  qualitative  words  illustra¬ 
ted  in  t.jiv  example.  If  t.uch  unenforceable  phraseology 
is  used,  the  specification  should  include  elsewhere 
definite,  required  levels  of  the  same  parameters  dis¬ 
cussed  under  “Design  objective.  ” 

e)  “.  .  .consistent  with  good  engineering  practice.  . 

This  phrase  is  of  dubious  value  and  implies  that  there  is 
possibility  of  receiving  ked  engineering  practice.  Phrases 
of  this  type  should  refer  to  a  specific  engineering  code 
or  standard  rather  than  generalities. 


f)  “. . .  suitable  for  the  purnose  intended  ...” 

This  example  contains  two  unenforceable  phrases.  Suit¬ 
able  for  is  an  unforceabie  generality,  and  pnrvoae  in¬ 
tended  is  a  matter  of  judgement  or  interpretation.  In 


many  cases  the  manufacturer  has  little  or  no  Knowl¬ 
edge  of  the  detaiieo  system  into  which  a  component  will 
be  assembled.  For  thie  reason,  the  component  manu¬ 
facturer  may  not  be  capable  of  determining  suitability 
for  u  specific  purpose. 

g)  "The  equipment  shell  -be  suitably  protected ..." 
Specifications  should  be  definitive  In  requirements.  The 
words  initably  protected  in  a  component  specification 
might  mean  protection  by  means  of  anything  fiom  a 
plastic  bag  to  a  steel  shipping  container.  The  protec¬ 
tion  requirements  should  be  detailed  in  specific  terme 
rather  then  the  vague  phraseology  used  in  this  example. 

h)  “Only  long  life  components  shall  be  used ...” 

Vague  performance  requirements  such  as  this  example 
are  meaningless'.  The  number  of  operating  cycles  or  7 
mean  time  to  fa<lure  should  be  specified,  end  testa  to 
prove  the  life  characteristics  of  the  component  should 
be  included. 

9.5.5  Us#  of  "or  equal” 

There  have  been  many  legal  casts  involving  the  use  ji  the 
phreee  or  equal  in  specificationa;  likewise,  them  is  often 
considerable  doubt  in  the  minds  of  specification  writers 
regarding  its  proper  use.  Regulations  governing  the  u*e  of  or 
equa’  ore  contained  in  Armed  Service*  Procurement  Regula¬ 
tions,  Section  1-1206.2,  “Brand  Nome  or  Equal  .Purchase 
Descriptions."  Theee  regulations  have  been  included  by 
reference  only  in  thh  subsection  because  they  are  in  a 
constant  state  >t  flux.  The  current  regulations  require, 
under  certain  circumstances,  that  the  contractor  submit  to 
the  contracting  officer  certain  data  end  information  fur 
evaluation. 

These  regulations  assume  that  the  contractor  will  give  the 
pertinent  data  for  comparison,  and  assume  also  that  the 
contracting  officer  has  equivalent  data  on  the  brand  names 
specified  and  is  technically  capable  of  evaluating  the  com¬ 
parative  data.  The  current  regulations  appear  to  make  the 
contracting  officer  responsible  for  determination  of  equality. 

If  vendors  misrepresent  the  capabilities  of  their  products 
in  their  standard  published  data  and  contracting  officers 
do  not  have  equivalent  data  on  the  specified  brand  names, 
the  enforcement  of  an  or  equal  clause  is  virtually  impos¬ 
sible. 

To  evaluate  equality  properly,  a  specification  should  con¬ 
tain  the  critical  performance  requirements  and  tests  to 
evaluate  compliance  with  these  requirements.  The  burden 
of  proof  of  equality  should  be  the  respo  >  rility  of  the 
contractor;  he  should  be  required  to  demonstrate  compli¬ 
ance  by  te«t. 

Any  contractual  arrangement  which  requires  a  para- 
tive  evaluation  on  any  basis  other  than  tes*s  may  result  in 
the  delivery  of  an  inferior  product. 


ISSUED  rEBRUARY  1970 
SUPERSEDES:  OCTOBER  1969 


9,5-2 


SPECIFICATIONS 


APPLICABLE  DOCUMENTS 


9.6  APPLICABLE  DOCUMENTS 

Tab)*  9.6  Hats  applicable  documents  commonly  citod  in 
fluid  component  specifications. 

Military  specifications,  atandardc,  ate.,  are  catalogued  in 
the  Department  of  Defense  “Index  of  Specifications  and 
Standards.”  Port  I,  Alphabetical  Listing,  and  Part  II,  Nu¬ 
merical  Listing.  The  "Index  of  Specifications  and  Stand¬ 
ards”  can  be  obtained  from : 

Commanding  Officer 

U3N  Supply  Depot  (NSD  603) 

6801  Tabor  Avenue 
Philadelphia,  Pa.  19120 

Military  specifications  (MIL)  and  military  standards  (MS) 
can  be  obtained  by  contractors  or  other  qualified  requestors 
from: 

Receiving  Officer 
Naval  Supply  Depot 
5801  Tabor  Avenue 
Philadelphia,  Pa.  19120 

All  other  requestors  can  obtrin  military  specifications  and 
standards  from: 

Superintendent  of  Documents 
U.S.  Government  Printing  Office 
Washington,  D.C.  20006 

Copies  of  individual  Air  Force-Navy  Aeronautical  specifi¬ 
cations  (AN)  and  standards  (AN,  AND)  may  be  obtained 
from:  V 

Receiving  Officer 
Naval  Supply  Depot 
5801  Tabor  Avenue 
Philadelphia,  Pennsylvania  19120 

Complete  sets  of  Air  Force-Navy  Aeronautical  specifica¬ 
tions  and  standards  may  be  obtained  from: 

National  Standards  Association,  Inc. 

1321  -  14th  Street  NW 
Washington,  D.C.  20006 

Society  of  Automotive  Engineers  (SAS) :  Aerospace  Stand¬ 
ards  (AS),  Aerospace  Recommended  Practices  (ARP),  and 
Aerospace  Information  Reports  (AIR)  can  be  obtained 
from: 

Society  of  Automotive  Engineers,  Inc. 

Aeronautical  Material  Specifications 
485  Lexington  Avenue 
;  'ew  York,  N.Y.  10017 


9.7  MODEL  SPECIFICATIONS 

Model  qtecIficitioM  have  been  prepared  In  some  Instances 
fee  use  as  guides  In  writing  specifications  for  individual 
components 

A  particularly  applicable  military  speculation  covering 
general  components  for  rockst  propulsion  systeraode: 

MIL-C-27410,  Component,  Rocket  Propulsion  Fluid 
-■  System,  General  Specification  for. 

A  ussful  military  specification  covering  servo  valves  is: 

MIL-V-27.62,  Military  Specification,  Valves,  Servo 
Control,  Electro-Hydraulic,  General  Specification  for. 

A  variety  of  fluid  component  specifications  written  for 
various  Department  of  Defense  programs  are  published  by 
the  In  terser*  ice  Data  Excnsnge  Program  (IDBP).  Most 
prime  aerospace  contractors  maintain  an  IDUP  file. 
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TYPES  OF  COWTAIttntATlON 
90URCES  OF  CONTAMINATION 


10.?  INTRODUCTION 

•he  subject  of  fluid  qntwi  contamination  has  become  pro* 
grass!  vely  more  important  with  the  increased  eridence  that 
fhrid  component  malfunctions  arc  intimately  related  with 
Maid  rontaintrsticri.  Outamrastion  not  only  affects  system 
performance.  but  Is  also  a  significant  factor  in  determining 
component  overhaul  and  sjr.  fern  maintenance  costs.  This 
problem  reaches  its  peak  of  criticality  in  airbortr  wissfle 
fluid  systems —  propulsion,  pressurization,  and  hydraulic 
controls  —  ?i  space,  weight,  and  :«Kability  requirements 
tare  become  more  exacting,  and  smaller  and  more  precise 
Mm  are  developed  to  meet  these  demands. 

It  is  the  intent  of  this  section  to  present  to  the  fluid  compo¬ 
nent  designer  an  over-all  picture  of  the  subject  of  contami¬ 
nation  and  cler  'inr-  To  this  effect,  the  bask  elements  of 
fluid  system  contamination  and  its  control  are  presented  in 
the  folhnring  sequence:  (1)  nature  of  contamination,  (2) 
effects  of  contaminants,  (3)  cleanliness  requirements-  (4) 
cuntr  alMifes  centre!  measures  is  components,  systems, 
fluids,  and  environment,  and  (5)  contamination  consider- 
attorn  in  design. 


10.2  NATURE  OF  CONTAMINATION 

The  most  acceptable  definition  of  contamination  as  it  applies 
to  a£  airborne  fluid  systems  is  given  in  Werr  r  99-1  as 
follows: 

"Arty  amount  of  material  which  conetitnte*  a 
chemically  reactive  hazard  or  a  mechanical  im¬ 
pairment  to  proper  function  of  the  equipment 
and/or  the  performance  of  the  eyetem." 

Since  contamination  must  be  defined  %  relation  to  the  re¬ 
quirements  of  a  specific  system,  engineering  specifications 
should  enlarge  upon  the  above  definition  by  quantifying 
and  qualifying  the  contaminants  that  actually  constitute 
a  h»xard  or  impairment. 


10.2.1  Type*  of  Contamination 

The  forms  and  kinds  of  contaminants  found  in  fluid  systems 
cover  the  complete  range  of  material  and  fluids  used  in 
the  systems,  as  well  as  ambient  contaminants  found  in  the 
etrd ronraenU  in  which  the  systems  operate.  For  instance, 
the  following  contaminants  were  found  in  one  ’’ample  of 
hydraulic  oil  (Reference  6-38' : 


fibers 

paint 

07  ash 

plaster 

glass 

rubber 

lanolin 

rust 

list 

■and 

mercury 

silica 

mica 

steel 

*tfnce  general  terms  such  as  contaminants,  debris,  foreign 
matter,  dirt,  and  "gunk”  do  not  accurately  describe  the  char¬ 
acter  nd  OUaXfthin  of  the  materials  found  is  a  fluid  system, 
it  ih  ..eceancry  to  sort  and  classify  these  bulk  contXir.nants 
according  to  their  most  relevant  propertier  Reference  89-1 
classifies  fluid  system  contaminants  in  seven  groups  related 
to  their  chemical  nature  and  conditions  (for  the  purpose 
of  facilitating  their  future  removal)  as  follows: 

1)  Carbon  and  combustion  products 

2)  Loose  particulate  material 

3)  Preservatives  and  lubricants 

4)  Weld  slag,  oxides,  and  scale 

5)  Rust  and  corrosion  products 

<)  Waxes,  tar,  adhesives,  and  masking 

71  Residual  fluids,  fuels,  and  propellants 

Because  the  m jst  common  forms  of  contamination  affecting 
fluid  systems  are  paraiCes,  fibers,  water,  and  reactive  resi¬ 
dues,  process  specifications  and  control  documents  usually 
group  ell  contaminants  into  the  three  following  categories 
(References  8S-1,  487-1, 457-3,  and  457-4): 

1)  Non-combustible  contaminants  (gross  matter,  and  par¬ 
ticulate  matter  such  as  particles  and  fibers) 

2)  Combustible  contaminants 

3)  Water 

Non-combustible  contaminants  consist  of  solid  and  insoluble 
pmttcr  which  can  be  carried  by  the  -luid  in  the  system  and 
which  may  lead  to  mechanical  malfunction  of  the  equipr  lent. 
Gross  matter  is  considered  to  be  large  pieces  of  mat  jrial 
or  whole  objects  which  are  cosily  detected  by  the  naked  eye, 
such  as  metal  chips,  rocks,  tools,  scale,  screws,  corr"sion 
products,  and  cws.se  granular  materials.  Particulate  matter 
consists  of  finely  divided  form3  of  the  above  listed  f  ross, 
non-combustible  contaminants  which  usually  inquire  o]  tkal 
aida  for  their  examination  and  detection.  They  are  c  assi- 
fied  into  particles  and  fibers  according  to  their  sl.sjw  and 
dimensions.  Combustible  contaminants  are  reactive,  ir  :oin- 
patible  substances  such  as  paint,  organic  matter,  sols  ?nts, 
rags,  lint,  etc.,  which  may  produce  fire  or  explosion  hnz  irds. 
Water,  whether  it  is  present  in  free  form  as  entr.-.ined 
moisture  or  as  vaper,  may  be  detriments!  to  fluid  stability 
and  system  performance  and  usually  promotes  corrosi  .n. 


10>-2  Sources  of  Contamination 

There  are  four  primary  ways  in  which  contaminants  may 
be  introduced  to,  or  developed  svithin  a  system:  negligence, 
system  wear,  fluid,  and  environme.it.  Inese  sources  ol  con¬ 
tamination  can  be  divided  into  two  groups: 

1)  Internal  contamination  (contaminants  initially  in  the 
system  or  generated  by  the  system ) 
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tamers  or  contamination 

#' 

\ 

X)  external  contamination  (airoorno  contaminants,  and 
foreign  or  contaminated  fluids) 

19.11.1  INTERNAL  CONTAMINATION.  Internal  con. 
taminanta  arc  most  numerous  a:;d  difficult  to  ontrol, 
since  their  or  lair  includes  the  attrition  and  breakdown 
processes  of  all  parts  of  the  system  after  it  has  been  de¬ 
signee.  assembled,  and  te.  ted. 

Contaminants  Initially  in  the  System.  E"»n  before  a  fluid 
system  it  operated  for  thr  first  time,  it  may  already  be 
contaminated  by  unclean  components,  leftover  dirt,  or  poor 
installation  procedures.  The  itoit  common  sources  of  ouch 
built-in  contaminants  are  manufacturing  operations,  as¬ 
sembly  and  installation,  contaminated  test  stands,  and  con- 
laminated  fluid. 

Contaminants  left  over  from  manufacturing  operations  are 
among  the  meet  hazardous  because  they  usually  are  hard 
and  abrasive.  In  the  case  of  lapping  compound  ,  ,  .ey  are 
prone  to  cauee  silting  (accumulation  is  stagnant  areas) 
because  of  their  ml.iuts  else.  Test  systems  and  t.<4ds  arc 
quite  common  but  necessarily  critical  sources  of  contamina¬ 
tion,  not  only  because  they  tend  so  be  overlooked  on  the 
assumption  that  they  are  clear,  but  also  because  system 
checkout  ai,d  fluid  filling  are  usually  the  last  operations 
performed  before  the  activation  of  s  system.  It  is  estimated 
that  some  pressure-sensitive  hydraulic  valve  circuits  re¬ 
ceive  nuch  of  their  contamination  during  testing  opera¬ 
tions.  (References  1-25,  1-26  1  107,  6-162,  and  281-2.) 

System -Genera  fed  Contim.asnts.  The  '.istant  a  t*  5d  sys¬ 
tem  is  actuated,  a  constant  source  of  contar>r  nation  is 
activated  which  will  continue  for  the  life  of  the  ..ystem. 
This  source  ir  the  generation  of  particles  and  substances 
as  a  result  of  the  wear  and  deterioration  of  the  fluids  and 
components  through  mechanical  and  chemical  action.  This 


situation  becomes  evident  when  it  recognised  that  sur¬ 
faces  whk.ii  to  the  naked  ejs  and  to  the  touch  appear 
smooth  and  fl  t  are  in  reality  a  mass  of  jagged  asparities 
and  sawtoothed  configurations  (Figure  10.2.2.1).  tTn>r  slid¬ 
ing  friction  tram  similarly  finished  surfaces,  the  surfaces 
mutually  fracture  and  splinter  each  other  into  myriads  of 
micronic  and  submicronic  particles.  Mechanically  generated 
particles  are  the  most  numerous,  resulting  from  moving 
mechanisms  in  .he  course  of  normal  wear,  or  the  result  of 
impioper  design  features  which,  tend  to  precipitate  wear, 
promote  disintegration,  or  produce  traps  for  the  accumula¬ 
tion  of  dirt.  Mojt  investigators  concede  that  of  all  com¬ 
ponents,  pumps  "we  the  largest  source  of  contamination, 
followed  by  other  sliding  mechanisms,  close  fitting  mecha¬ 
nisms,  and  filter  media  migration  (Table  10.2.2.1).  Chemi¬ 
cally  generatad  contaminants  are  those  related  to  the  action 
of  the  fluids  in  the  system,  or  to  the  action  of  the  system  in 
the  d  igradation  of  this  fluids.  (References  1-25, 1-26, 1  107, 
6-88,  458-1.) 

19  8.8.2  EXTERNAL  CONTAMINATION  When  the  in 
ternal  surfaces  of  s  fluid  system  arc  exposed  to  the  atmos¬ 
phere  or  to  a  new  quantity  of  fluid,  contamination  is  intro¬ 
duced  into  the  system.  Airborne  contamin-f.is  vary  In  type 
and  magnitude  according  to  the  location,  degree  of  atmos¬ 
pheric  central  exerted,  and  proficiency  of  the  opera -ing 
personnel.  The  meet  common  fluid  that  can  be  introduced 
into  a  system  is  water,  which  can  cause  detrimental  changes 
in  the  fluid  and  promote  corrosion  and  bacterial  growth, 

Airborne  contamination  sources  are: 

Exposed  cylinder  »•  ods 
Relief  valves 
Breather  vents 
Sampling  operations 
Air  moisture 
Filling  ports 


Table  10.2.2.1  Sources  of  Contamination  in  a 
Hydrauik  Sustain 

(Refersnc*  6  at) 


COMPONENT 

OXIPg 

SCAUC 

MASTIC*  AMO 
ELASTOMERS 

OIL 

ADDITIVES 

CONTAMINANT 
'  fc.IT**.  AIRBORNE 
PnRTK.  xs  DIRT 

SILICA 

SAND 

LAW  NO 
COMPOUND 

PROCESS 

RESIDUES 

FIBERS 

Oil 

X 

X 

X 

X 

X 

Tank 

X 

V 

X 

XX 

X 

X 

Relief  valve 

X 

XX 

X 

X 

X 

X 

Accumulator  (bladder 

X 

X 

X 

X 

X 

X 

and  piston  types) 

Filter 

X 

X 

X 

XX 

X 

Piping,  fittings,  end 

X 

X 

X 

XX 

X 

X 

rubber  tubing 

Control  valves 

X 

X 

X 

X 

X 

Actuators 

X 

X 

X 

X 

Pump 

X 

XXX 

X 

X 

X 

X  :  Noticeable 
XX  .  Medium 
XXX  _  St  me 
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W*uw  10.2.2.1.  MagnlfM  Proflto  af  wi «  Micro-Inch  RMS 
Surface  Ffcnbh 

(From  "Raaaarch  and  Development,"  A.  Uabarmart,  January  1962 
Copyright  1962  by  F.  0.  Thotipten  Publications  Inc.,  Chicago, 
llllnolt) 


Fiuidborne  contamination  sources  are : 

Cortaminated  fluids 
Improper  fluid 
Sampling  operation 
Flushing  fluids,  residues 
Water 

Pressurization  gases 

10.S  EFFECTS  OF  CONTAMINANTS 

Any  amount  of  contamination  will  affect  a  fluid  system. 
How  critical  this  effect  may  be  depends  on  the  nature  of 
the  system,  the  design  tolerances  of  its  components,  and 
the  nature  and  extent  of  the  contamination.  A  true  picture 
of  the  effect  <-f  contaminants  or  a  system  can  be  obtained 
only  through  statistical  analysis ;  however,  past  experience 
indicates  that  there  are  four  main  areas  which  are  con¬ 
spicuously  affected  by  particles  and  other  contaminants. 
These  are:  (1)  interference  with  moving  mechanisms,  (2) 
clogging  of  Alters,  (3)  erosion  of  flow  surfaces,  and  (4) 
breakdown  of  fluids.  In  addition,  the  presence  of  certain 
contaminants  may  present  a  reaction  hazard  with  some 
high  energy  rocket  oxidizers. 

10.3.1  Effect  on  Moving  Mechanisms 

In  a  fluid  system,  the  components  most  susceptible  to  con¬ 
tamination  are  those  with  moving  parts,  and  of  these, 
hydraulic  servovalves  are  found  to  be  the  most  sensitive 
(References  6-1,  6-22,  6-26,  6-28,  6-56,  6-162,  and  6-125). 
The  effect  of  contaminants  on  other  fluid  system  compo¬ 
nents  is  similar  to  their  effect  on  those  with  moving  parts, 
but  to  a  lesser  degTee. 

The  moat  common  problems  associated  with  contamination 
of  hydraulic  valves  are: 

a)  Sticking  of  sliding  surfaces 


b)  Plugged  oriftces 

c)  Scored  surfaces 

d)  Increased  wear  and  friction 

e)  Jammed  mechanisms 

f )  F  event  ion  of  proper  valve  seating 

g)  Upsetting  of  system  pressure  balance 

h)  Alteration  of  fluid  flow  direction 

i)  Interference  with  alignment. 


10.3.1.1  STICKING  OF  SLIDING  MECHANISMS.  Close 
fitting  surfaces  of  the  spool  and  slide  variety  are  very 
susceptible  to  contamination,  and  are  the  major  source  of 
failure  in  hydraulic  servovalves.  The  sticking  action  can 
L»  caused  by  dirt  lock,  stiction,  and  weldment. 

Dirt  Lock  occurs  v  hen  stray  particles  wedge  or  jam  up  a 
mechanism. 


Stiction  is  the  most  common  source  of  failure  in  hydraulic 
valves.  It  occurs  when  minute  pa ’tides  carried  by  fluids 
across  a  stationary  clearance  wedge  themselves  or  build  up 
between  the  mating  surfaces.  The  process  of  ace  -mulation 
and  settling  is  aggravated  by  inactivity  of  halt  an  hour 
or  more  and  is  known  as  silting.  This  form  of  sticking 
action  is  usually  accompanied  by  hydraulic  lock  and  jam¬ 
ming  of  misaligned  moving  parts  by  system  pressure,  and 
results  in  valve  hunting,  upset  control  regulation,  or  hys¬ 
teresis,  and  eventually  complete  impedance  of  movement. 

Weldment  occurs  when  soft  metal  particles  are  wedged  be¬ 
tween  close  surfaces  and  are  spread  or  burnished  on  the 
surfaces  with  the  net  effect  of  reducing  the  clearances. 

10.3.1.2  PLUGGED  ORIFICES.  Orifices  in  both  hydraulic 
and  pneumatic  components  used  for  such  critical  purposes 
as  bleed  outlets,  balancing  pressure  connections,  or  metering 
orifices  are  small  and  require  close  tolerances  which  make 
them  very  susceptible  to  plugging.  Since  they  are  usually 
alone,  they  require  individual  filter  protection. 


10.3.1.3  SCORED  SURFACES.  Particl-  with  a  hardness 


higher  than  that  of  the  moving  parts,  such  as  shafts,  rods, 
and  slides,  cause  scoring  and  provide  leakage  paths. 


10.3.1.4  WEAR  AND  FRICTION.  Particles  increase  the 
rate  of  wear  and  abrasion  of  seals  and  all  movinp  surfaces. 
Friction  is  increased  through  dirt  lock  or  stiction.  Scored 
seals  and  seats  allow  leakage. 

10.3.1.5  JAMMING  OF  MECHANISMS.  Very  small  mech¬ 
anisms  can  be  jammed  by  small  particles,  and  if  there  is 
no  protection,  larger  mechanisms  can  be  jammed  by  cor¬ 
respondingly  larger  particles. 


10.3.1.6  VALVE  SEATING  INTERFERENCE.  Particles 
on  a  valve  seat  can  allow  leakage. 


10.3.1.7  UNBALANCED  SYSTEM  PRESSURE.  Pressure 
balance  in  a  system  can  be  changed  by  dammed  or  resti  ieted 
flow. 
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18*1.8  ALTERED  FLJW  DIRECTION  Tha  Bow  path  of 
fluids  may  bs  rhangsd  of  stoppad  altogether  by  damr-i«d 
-UmrSTDrlflcM,  ax>d  precipitate  the  use  of  by-pass  circuits 
or  niltf  outlets. 

18.3.1.8  MISALIGNMENT.  Particles  cau  interfere  with 
the  alignment  of  spools,  sliwe  fates,  and  other  moving  parts. 

10.3.2  Clogging  of  Filters 

Although  the  purpose  of  Alters  is  to  trap  contaminants, 
the  performance  and  life  of  the  Alter  can  be  affected  by  an 
excess  of  the  wrong  type  or  sise  of  contaminant.  The  moot 
common  effect  is  clogging,  followed  by  silting  (an  jeer- 
abundance  of  small  particles  which  reduce  Alter  life  and 
restrict  flow,) .  The  clogging  effect  also  can  be  obtained  by 
excess  sludge  or  \  rater  emulsions. 

10.3.3  Flew  Erosion 

Hard  particles  t  wring  at  high  velocity  through  restricted 
orifices  or  impinging  on  surfaces  c..n  erode  metering  edges, 
valve  seats,  nocxles,  and  sharp  angee  turns.  This  effect  is 
dependent  on  the  type  of  fluid,  rate  of  flow,  and  the  hard¬ 
ness  of  the  particles.  For  instance,  particles  in  a  helium 
stream  travel  much  faster  than  in  any  other  fluid,  not  only 
eroding  surfaces  but  also  penetrating  through  the  walls 
of  some  components  such  as  regulator  diaphragms. 

I 

10.3.4  Dotmriorat’Mi  of  Flukrs 

Contaminants  can  cause  breakdown  or  alteration  of  fluids 
in  the  fluid  systems  by  direct  chemical  reaction,  particle 
surface  catalysis,  heat  from  friction,  formation  of  sludge, 
and  emulsification  'vitli  water. 

10.4  CLEANLINESS  if  EQUIPMENTS 

The  establishment  of  adequate  'leanliness  cri'eria  is  the 
basis  of  any  contamination  cont,  J.  program  and  determines 
its  success  as  well  ts  its  cost.  * 

Although  any  or  all  contaminants  can  be  considered  a 
threat  tc  system  performance,  „o  eliminate  them  totally  is 
difficult  and  often  impossible.  Furthermore,  since  dynamic 
fluid  systems  begin  generating  'contaminants  the  instant 
they  are  set  in  operation,  the  realistic  basis  of  a  contamina¬ 
tion  control  program  is  the  acceptance  of  the  premise  that 
there  is  nc  absolute  cleanliness;  all  that  can  be  expected  is 
to  be  able  to  control  the  contaminants  to  levels  acceptable 
to  the  performance  requirements  of  a  system. 

10.4.1  Components  Cleanliness  Requirements 

The  c!ean!ir.ess  requirements  of  fluid  components  not  only 
reflect  on  component’s  design  characteristics,  but  also  reflect 
the  characteristics  of  the  system  in  which  they  will  ulti¬ 
mately  perform.  Customarily,  component  requirements  are 
bused  on  the  following  considerations: 
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a)  Maximum  particle  site  that  can  be  tolerated,  usually 
one-half  the  minimum  orifice  or  clearance  In  the  system 

b)  Type  of  filter:-  in  the  system 

c)  Reliability 

d)  Reactivity  of  residues  with  fluids.  Limits  of  reactive 
residues  are  particularly  important  in  oxygen  and  flu¬ 
orine  systems.  Current  requirements  for  oxyc.su  com¬ 
ponents  are  set  at  a  n.aximum  of  4  mg  of  hydrocarbons 
per  square  foot  of  component  aarfaea  (Reference  89-1). 

e)  Statistical  analysis  of  past  performances 

f)  Use  of  post- assembly  cleaning.  If  the  system  is  ame¬ 
nable  to  post-assembly  cleaning,  individual  component 
requirements  may  be  relaxed,  and  overall  system  limits 
may  be  met  by  in-place  cleaning  or  flushing  operations 
(Reference  23-53). 


10.4.2  System  CSeanliimt  Requirements 

Cleanlines  j  requirements  for  fluid  systems  are  usually  based 
on  considerations  involving  the  fluid  as  well  as  the  com¬ 
ponents  !n  the  system.  Such  considerations  ere: 

a)  System  performance  with  known  amounts  and  types  of 
contaminants  (Table  10.4.2) 

b)  Practical  extent  to  which  the  system  can  be  cleaned  and 
maintained  in  operation 

c)  Comparison  of  dirt  sensitivity  to  similar  systems 

d)  Quality  of  filtration  equipment  available 

e)  Type  of  fluid  (liquid  or  gas) . 


10.4.3  Fluid  Cleanliness  Requirements 

Fluid  cleanliness  refers  to  the  condition  of  the  fluid  btfort 
it  ir  placed  in  service;  afterwards.-  it  is  only  one  of  the 
factors  determining  a  system’s  cleanliness  requirements. 
Cleanliness  requirements  for  unused  fluids  are  based  on  the 
following  factors: 

a)  Accumulation  of  contaminants  between  the  point  of 
manufacture  and  the  pcint  of  use.  Accumulations  are 
reflected  in  the  scaled  requirements  presented  in  Tables 
10.4.3a  and  10.4.3b. 

b)  Requirements  of  the  system  components.  In  some  in¬ 
stances  manufacturers  have  been  misled  to  design  hard¬ 
ware  based  on  probable  high  levels  of  fluid  cleanliness 
(Reference  23-33). 

c)  Cost  of  cleaning  the  fluid.  ‘‘Micror.ically  clean”  hy¬ 
draulic  fluid  (to  levels  below  5  microns)  costs  $2.50 
per  gallon,  while  standard  oil  per  MIL-H-6600  costs 
$1.19  per  gallon  (References  23-33  and  23-53). 

d)  Type  of  fluid  or  jystem  in  which  the  fluid  will  be  used. 
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TaM*  10A2.  TKtn  H  Equipment  SteanAiwas  Requirement 

(Reference  454-1) 


PAJmClH-ATV 

COMPONENTS 

SUBSYSTEMS 

rrs  prims 

TANKS:  STOOIAOK 

T  At  IKS: 
MMttLE 

SS8SS 

REQUIREMENTS 

amo  siun  unrrs 

(TRANSPORT.  HOUMNS) 

Total  Filterable 

2.0 

4.0 

4.0 

5.0 

5000  mg/ 

Solids,  mg/ft* 

Stage  I 

None 

2000  mg/ 
Stage  II 

Pal  ticles/ft’ 

Fluid 

Gim 

(micron  size) 

Flush 

Purgt 

300-500  m 

?0 

20 

• 

• 

— 

500-1000  a 

2 

4 

♦ 

• 

660-1500  m: 

85  per  tank 
1500-5000  m: 
10  per  tank 

None 

Over  1000  a 

a 

0 

0 

0 

No  particles 

C /er  5000  m • 

over  1500  m 

3  per  tank 

Fibers/ft1 
(micron  size) 

750-2000  a 

20 

40 

— 

— 

X  26  a 

2000-6000  a 

2 

4 

— 

_ 

None 

X  40  a 

Over  6000  a 

0 

0 

0 

0 

No  fiber" 

X  40  m 

over  9000  m 

'"■rtk-lM  kw  than  1S04  mieiom  %n  not  counted,  but  *r*  accounted  for  on  a  weirht  baaia  ac  total  IllteraUa  aolMa. 


Table  10.4.3c  shows  the  variations  in  the  cleanliness 
requirements  for  propellants,  hydraulic  fluids,  and  air 
craft  furis. 

e)  Reactivity  of  fluids.  Oxygen  systems  demand  strict  con¬ 
trol  on  hydrocarbons  as  well  as  in  particles  (Ref«r- 
ences  183-7  and  457-1 ) . 

f )  Silting  characteristics  of  the  fluid.  Freedom  from  large 
numbers  of  particles  below  10  micr  >ns  is  essential  for 

5*?yovs1y?s  wjth  spool  h**t*  1  to 

10  microns.  It  is  estimated  that  the  maximum  quantity 
of  particles  per  milliliter  in  the  1  to  5  micron  category 
which  can  cause  silting  is  between  250,000  ard  500,000. 
New  fluid  contains  between  160,000  and  700,000  par¬ 
ticles  per  milliliter  in  the  1  to  5  micron  range  (Refer¬ 
ence  6-38). 

10./  4  Environmental  Cleanliness  Requirements 

To  prevent  the  deposit  of  airborne  contaminants  in  cleaned 
parts,  it  is  necessary  to  clean  the  air  in  the  clean  room  to 
an  acceptable  level  (Table  10.4.4a) .  Specific  control  require¬ 
ments  are  dictated  by  the  cleanliness  requirements  of  the 
parts  which  will  be  processed  in  the  cleaning  facility.  The 
customary  criterion  for  clean  room  atmospheric  control  is 
iioc  to  allow  particles  in  the  air  which  exceed  the  maximum 
siie  allowed  in  the  parts  being  cleaned.  More  specific  re¬ 
quirements,  discussed  at  length  xn  the  references  are: 


a)  Maximum  a!"  contamination  limits  should  not  exceed 
the  maximum,  allowable  particle  size  in  the  most  criti¬ 
cal  component  processed.  Airborne  hydrocarbons  should 
not  exceed  8  ppm  (Reference  IS-SS) . 

b)  Currently  there  are  two  official  document  which  spec¬ 
ify  requirements  for  clean  rooms  processing  missile 
fluid  system  components.  Reference  454-1  sets  a  maxi¬ 
mum  limit  of  200  microns  for  particles  and  700  microns 
for  fibers.  Reference  454-2  allows  various  degrees  of 
air  cleanliness  according  to  operational  requirements, 
grouping  them  into  four  classes  (Table  10.4.4b). 

c)  Typical  specifications  for  a  portable  “white  room”  are 
given  as  10,000  particles  per  cubic  foot  in  the  range 
between  0.5  and  10  microns  (Reference  451-1). 

d)  Two  criteria  for  establishing  clean  room  requirements 
are  given  in  Reference  448-2  as  follows:  1)  the  con¬ 
tamination  level  must  be  less  than  that  of  an  ordinary 
air  or  factory  but  not  so  low  that  it  is  difficult  to 
achieve  or  maintain;  and  2)  particle  size  lower  limit 
and  statistical  contamination  level  must  be  relevant, 
reasonable,  and  compatible  with  a  large  majority  of 
components. 

10.5  CONTAMINATION  CONTROL  MEASURES 

There  are  two  basic  ways  of  controlling  contamination: 

physical  removal  of  the  contaminants  through  cleaning 
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TeMe  l(UJa.  Opera:  mnel  TMmi  N  Ontiwr  WepfcwwHto 

(ReNrewce  467-4) 


AXJAWWTV 

SUPPLIED  S-l 

STOWED  M 

OPERATIONAL  M 

TEST  (STOMP 

Chemical 

1 

N,0,  Aseay 

Wat  nr  Equivalent 

Q  as  NOCI 

90.5  Minimum 

0  1  Maximum 

0.08  Maximum 

99.5  Minimum 

0.15  Maximum 

90, .4  Minimum 

0.2  Maximum 

(  MIL  P-P3W9 
|  at-  referee 

Total  Filterable  Solids** 

0.001  Maximum 

0.0014  Maximum 

0.001?  Maximum 

Gravimetric 

or  15  mg/1 

or  20  mg/1 

or  25  mg/1 

Appearance 

Free  from  undissolved  water,  sediment,  and  suspended  matter 

■Tabutatad  valuta  In  «ui(M  ^Wfvnt.  Not* :  Jn  al»i  T.O.  U<T>M4  Quality  Con- 

••(tUliixj  on  tO  talcroa  plaatk  ntnbnnc  Altar  whvn  unpM  downatraam  o t  40  micron  tytlm  Alter.  trol  of  Propellant  Nitropan  TatroxU* 

’'Thera  la  no  aolur  raatrlatioa  In  the  pracant  waplM  fuel  (pacification,  MIL- P-27401 


Table  16.4.3b.  Operau^^i  TKsn  It  Fuel  Requirements 
fRefsrewce  4S7-4! 

REQUIREMENTS* 

SUPPLIED  S-l  STORED  U  OPERATIONAL  U 

TEST  METHOD 

Chemical 


Hydrasii.e  Assay 

51.0  ±  0.8 

ol.O  ±  0.8 

51.0  ±09  \ 

UD1IH  Assay 

47.0  Minimum 

47.0  Minimum 

46.9  Mimimum  1 

| 

MIL- P-27 402 

Total,  NJI.  + 

UDMH  ~f-  Amines 

98.2  Min'mum 

98.1  Minimum 

98a  Minimum  j 

as  referee 

1 

Water  rnd  Dissolved 
'mpuritiex 

1.8  Maximum 

1.9  Maximum 

2.0  SCt.  'imnm  ’ 

> 

\ 

Total  Filterable  Solids** 

0.001  Maximum 
or  10.0  mg/l 

0.002  Maximum 
or  20  mg/l 

0.0025  Maximum 
or  25  mg/l 

Gravimetric 

Appearance*** 

—  —  .  —  Clear, 

colorless,  homogeneous  liquid  . > 

*Taoulatavl  valuta  In  wrlfht  percent. 

•’Retainnt  on  10  micron  plaitic  mcmlrana  Altar  when  sampled  downstream  of  <0  micron  ayatam  Altar.  Not*:  See  also  T.O.  42B7-1-1-4  Quality  Con- 
•••Thcra  i.  no  color  restriction  in  th*  peasant  supplied  fuel  apaciAcation.  MtL-I  0740*.  tr°l  ®*  Propatlant  Hydrasine-UDMH 

(50/501  Mixture 


operation!!,  and  designing  it  out  of  the  systeui  anti  compo¬ 
nents.  This  Sub-Section  will  outline  the  procedures  used 
for  cleaning  contaminants  out  of  components,  fluids,  fluid 
systems,  and  the  working  environment.  The  design  aspects 
of  contamination  control  will  be  discussed  in  3ub-Section 
10.«. 

10.5.1  Cleaning  Components 

The  purpose  of  this  Sub-Topic  is  to  inform  the  design  engi¬ 
neer  of  the  processes,  cost,  facilities,  and  methods  used  in 
cleaning  fluid  system  components.  Detailed  cleaning  pro¬ 
cedures  can  be  found  in  References  1-270,  65-27,  and  V-280. 

There  are  two  main  types  of  component  cleaning  durirg 
manufacturing  —  shop  cleaning  and  final  cleaning.  Shop 
cleaning  involves  standard  clean-up  operations  used  during 
manufacturing  operations.  Regarding  fluid  components,  this 
phase  of  component  manufacturing  becomes  increasingly 
important,  for  unless  some  parts  and  assemblies  are  cleaned 
as  they  are  finished,  before  going  into  further  assembly, 
some  contaminants  become  hopelessly  entrapped.  This  situa¬ 


tion  applies  particularly  to  filters  (References  1-25,  1-26, 
and  1-107),  To  prevent  potential  contamination  and  also  to 
reduce  the  load  ol  final  cleaning  operations,  a  “clet  n- as-you- 
go”  system  has  been  developed  (Reference  136-4)  in  which 
each  part  or  subassembly  is  thoroughly  cleaned  before  being 
assembled  into  a  larger  subassembly,  until  the  entire  com¬ 
ponent  is  completed. 

Final  cleaning  includes  all  of  the  decontamination  opera¬ 
tions  performed  on  parts  or  components  after  each  of  the 
manufacturing  and  finishing  processes  have  been  completed. 
Since  final  cleaning  is  the  last  operadon  prior  to  installa¬ 
tion,  or  sealing  for  future  use,  it  is  »  very  critical  phase  of 
fluid  component  manufacture,  affecting  not  only  production 
costs  but  the  ultimate  performance  of  the  component  and 
the  reliability  of  the  system.  It  has  been  estimated  that  it 
can  cost  five  times  the  purchase  price  of  some  low-cort 
components  to  ensure  the  absence  of  particles  over  100 
microns  in  size  (Reference  10-221).  The  average  cost  for 
cleaning  a  typical  valve  is  normally  between  $15  and  $30 
(Reference  V-426). 
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CLEANLINESS  REQUIREMENTS 


CONTAMINATION  AND  CLEANING 


T«til«  laUc  Aar— pact  Fad  Cl— nil—  Bnqulienisnts 

(Reference  V-lSt) 


Hydraalk  Fields 

SAE,  A8TM,  AIA  Tentative  Hydraulic  CoaunlMliM  Standard*  Particles  per  100  sal  by  Cl  as*  System  (intittre) 


- iS5E 

MW— 

e 

1 

* 

1 

4 

9 

e 

MO 

2  5-V 

5-10p 

mo 

4600 

9700 

24,000 

34,000 

S7.000 

188,000 

w 

Pending 

10-88/. 

670 

1840 

2680 

6.360 

10,700 

21,400 

48,000 

?8-5©/. 

»S 

810 

380 

780 

1,610 

3,180 

6,6  t 

60-100/. 

16 

£8 

89 

110 

226 

430 

1,000 

>  10*. 

1 

8 

5 

11 

:.i 

4) 

02 

' 

Typically  a.:d  approximately: 

Class  3  4  4  — 

critical  system,  in  general 

Class  0  —  rarely  attained  Class  5  —  poor  missile  system 

Class  1  —  MIL-H-6606B  Class  €  —  .luia  as  rtetind 

Class  2  —  good  missile  system  C’  iss  7  —  industrial  jerries 


SI— FT  rant 


ROCKET  PROPULSION  a  MRVICC  FT  INM* 


total  i—nr  t  jonwmc  fraction 


Acnvm 

Commercial 
Are  rags 
Lt  Air  Transp. 

Assoc. 

Military 

Standards 


0.S  mg/liter 

t.Omg/USG 
(maximum) 
4.0  mg/USG 
(maximum) 


0.1  n-r /liter 
nob  established 
not  sstsbiishad 


Aircraft  fuel  contamination  lsrsls  are  surprisingly  low  for 
a  bulk  fluid  because  of  their  low  viscosity  and  the  effect! Te¬ 
nses,  therefore,  of  settling  methods  employed  in  their  han¬ 
dling.  Typical  “in-service”  levels  (by  no  means  ideal)  of 
contamination  are  shown  in  terms  of  gravimetric  analyses. 
Particle  count  analyses  are  seldom  used  for  fuels  and  other 
low-viscosity  liquids. 


FLUID 

AM  FORCE 

UU  UNITS 

AM  FORCE 

PROCURE  MEN,  UNITS 

LO, 

2.6  nig/liter 

1.0  mg/liter 

LN, 

2.6  mg/liter 

1.9  mg/liter 

RP-1 

1.6  mg/liter 

not  applicable 

GO, 

0.01  mg/lPer 

not  applicable 

GN, 

0.01  mg/liter 

not  established 

He 

0.01  mg/liter 

not  established 

•per  *rB8  4.-S  (iwrbadl 

Because  of  the  more  generous  hieterin/.  and  pumping  clear¬ 
ances  for  missile  propellants  and  service  gases,  relatively 
high  contamination  levels  are  tolerated.  The  major  (partic¬ 
ulate)  risk  is  'n  cloggii.g  of  pump  inlet  screens.  Fibers 
which  wili  initiate  clogging  and  silting,  therefore,  are  spe¬ 
cially  controlled  and  held  typically  to  400/4  maximum  sisc. 


Table  10.4.4a.  Cl— wlbiess  Levels  of  Ambient  Air 
Reference  v-154) 


particles  v«  cumc  —or 

wn  nan—  a  >  s  o  g 


6-25/» 

20 

180 

300 

600 

2000+ 

26-100/. 

2 

14 

160 

10 

600+ 

>  100/. 

1 

6 

30 

1 

60+ 

Total 

23 

200 

480 

610 

2560+ 

A  —  Superior  clean  room 
B  —  Ordinary  clean  room 
C  —  “Dust  controlled"  assembly  area 
D  —  Country  air  (still  day) 

E  —  City  air 


TaMe  10.4.4b.  Air  For—  Cl— n  Ares  Contamination  Standards 

(Reference  45  4-2) 


FACILITY 

cot -onion 

MAXIMUM  ALLOWABLE 
PARTICLE  CONTENT 
PER  CUBIC  FOOT 

OF  AIR 

PARTICLE 

SUE  GO  NUMBER 

Air  Force  standard 

Operational 

Over  0.5 

120,000 

clean  room 

At  Rest 

Over  1.0 

20,000 

Over  0.5 

20,000 

Over  1.0 

4,000 

Air  Force  standard 

Operational 

Ov?i  1.5 

1,000 

clean  work  station 

At  Rest 

Over  0.5 

100 
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CLEANING  AGENTS 


CONTAMINATION  AND  CLEANING 


Th#  problems  of  clesnlng  a  particular  component  art  con¬ 
trolled  by  factor*  affecting  th*  selection  of  (1)  cleaning 
material*,  (2)  cleaning  method*,  an;-  (3)  processing  equip¬ 
ment. 

lft.S.1.1  SELECTION  OF  CLEANING  AGENTS.  The  fac¬ 
tors  affecting  the  selrction  of  cleaning  materials  are  the 
same  as  those  affectirg  the  successful  interaction  of  clean¬ 
ing  agents,  contaminants,  and  materials  in  th*  component. 

Nalart  of  the  Caatemlnaats.  It  is  important  to  know  the 
nature  of  the  contaminants  to  be  removed  by  cleaning, 
because  of  the  reactivity  of  some  contaminant  materials 
with  various  cleanirt  agents  (Table  10.5.1. la).  !f  con¬ 
taminant  and  cleaning  agent  are  properly  matched,  a  fast 
and  simple  cleaning  operation  may  result,  with  a  minimum 
amount  of  damage  to  th*  component  surfaces. 

Conditions  of  the  Contaminants.  Contamination  may  be 
present  in  thin  Alms  which  comprise  thick  layers.  It  may  be 
looee,  or  it  may  be  tightly  adhered,  needing  the  action  of  a 
penetrating  cleaning  a.rent.  The  contaminants  may  bo  bound 
by  grease  or  oil,  oi  they  may  insist  of  minute  particles 
embedded  in  th*  component’s  face.  Each  of  these  condi¬ 
tions  calls  for  spociflc  cleaning  actions  a.id  cleaning  mech- 
ai-isms  which  will  get  the  contaminants  into  suspension  so 
they  can  be  (lushed  away  ( Reference  19-221 ) . 

Materials  Compatibility.,  Whenever  possible,  cleaning  solu¬ 
tions  should  be  buffered,  inhibited,  or  stabilised  to  prevent 
the  development  of  corrosion  along  with  th*  cleaning  action. 
The  cleaning  operation  should  not  be  detrimental  to  the 
mate.iaie  of  the  component  during  or  after  the  cleaning 
process.  Proper  consideration  of  the  «•'  >atib,lity  of  ma¬ 
terials  will  avoid  detriir  -<.ts  su  (a>  reduced 

tolerances,  hydrogen  embm.iement, .  ,ti  stress  corrosion  in 
metal  surfaces;  (b)  swelling,  polymerisation,  and  disinte¬ 
gration  in  elastomeric  materials.  Data  for  matching  ma- 


Tabi*  10.5.1.1a.  Specific  Action  etc  Agents 

(References  V-2B0  and  4Z4-.  i 


MIST 

CONTAMINANT 

Arid  cleaner 

Scale,  rust,  oxides,  organic  and 
inorganic  matter 

Alkaline  cleaner 

Shop  dirt,  cutting  oil,  drawing 
lubricants,  organic  and  inorganic 
particles 

Detergent 

Residue*  'aft  ov~r  from  alkaline 
cleaning 

Soap 

Drawing  lubricants,  rust  preventative 
compounds,  buffing  and  lapping 
compounds 

Emulsion 

Carbonized  oils,  mixed  soils,  organic 
matter,  coloring  compounds 

Solvent 

Organic  materials,  oils,  lubricants, 
and  grease 

Water 

Dust,  particles,  and  residues 

terlals,  contaminants  and  cleaning  agent*  are  presented  in 
Tabl»  10.5.1  lb. 

Cleaning  Agent  Res  ides  is.  Some  cleaning  agents  will  leave 
Alms  or  residue*  on  a  surface  which,  in  same  Auld  systems, 
can  be  ha*ardous.  Therefore,  it  is  necessary  to  select  denn¬ 
ing  agents  which  will  yield  surfaces  compatible  with  the 
I*,  els  of  cleanliness  specified.  Unless  the  cleaning  methods 
are  properly  controlled,  end  unless  provisions  are  r.icde  for 
controlling  th*  strength  of  nolutions,  and  for  thorough  neu- 


N stations  for  Table  19.5.1.1b 

1.  Acid  Cleaning;  used  to  remove  contamination  not 
soluble  In  milder  solutions. 

a.  Nitric-hydrofluoric  acids 

b)  Nitric  add 

c)  Chromic  acid 

d)  Inhibited  hydrochloric  add 

a)  Inhibited  sulfuric  add 

f)  Inhibitsd  phosphoric  add 

g)  Mixed  add  deoxidisers 

b)  Alcohol -phosphoric  add 

1)  Carbon  removal  systems 

2.  Alkaline  Cleaning:  used  to  remove  inorganic  and 
organic  matter  susceptible  to  solution  or  emulsi¬ 
fication. 

1)  Inhibited  alkaline  deaneru 

j)  Alkaline  rust  stripped. 

k)  Heavy  duty  alkaline  cleaners 

l)  Carbon  removal  systems 

m)  Detergents 

3.  Solvent  Cleaning:  used  to  remove  soluble  organic 
materials. 

n)  Halogens  ted  hydrocarbon  solvents 

4.  Rinsing  and  Flushing:  used  to  rinse  solid  and 
liquid  residues. 

n)  Halogenated  hydrocarbon  solvents 
o/  Water 

5.  Neutralising  and  Passivating:  supplementary 
treatment  to  •>cid  and  alkaline  cleaning  to  prevent 
corrosions. 

b)  Nitric  acid 

c)  Chromic  acid 

h)  Alcoholic  phosphoric  acid 

p)  Alkali 

q)  Nitrate  or  phosphate 

r)  Alkali  and  nit  ite  or  phosphate 

6.  Mechanical  Cleaning:  used  to  remove  contamina¬ 
tion  by  abrasive  action  (scrubbing,  brushing,  etc.). 
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CLEANING  AGENTS 


TrM»  10.8.1.1k.  hMMn  ■(  CmpMMi  CtoMtec  «|«h 
(NMim  at  n 


Aluminum 
n.  Gar*  ftUojrt 
b.  CmU4  Unodlmd. 
rk«m  Aim,  «u.^ 

l-l 

S-l 

• 

1-1, m 
•Vfl 

4-n,o 

2-1. m 

S-n 

4-n,o' 

l-*,h 

A 

l-f.k 

S-h 

4 

1-1, m 

S-n 

4a 

Cor-o«ionr*«itUn<  ilotli 

1-1 

S-l,k,m 

S-ltk,m 

la,t-.r,l 

t"Ulb,i,f,|ah 

2-IA.m 

•4 

Sa 

S-n 

41,1 

VI 

S-n 

w 

4-ApO 

4-a,©* 

44a 

S-b,k\h 

0 

4-a 

Nkkol  nkkftl  ftlWfi 

M 

S-l>,« 

3-t.k.m 

1-4* 

1-4.1*, h 

2-U.m 

14 

Shi 

S-a 

1-1 

5-h 

S-a 

4 

4-.I.O 

4a.o* 

• 

A 

4a 

C«*iny  and  r«fptr  ftlWjrt 

14 

14A,ai 

S-U.m 

1-4a* 

I4,.,f* 

*-l,k,ni 

S4 

Sa 

S-a 

S-h 

Ik 

Sa 

4 

« 

♦-«* 

♦"*,*• 

« 

A 

4a 

(itertrolytlel 

UfevirolytK) 

TlU*iu  • 

1-1 

I-IAa* 

S-l.k.m 

la**W  • 

t-i,k.m 

14 

S-a 

S-a 

41 

Sa 

• 

teu 

♦tel** 

44,*V** 

4a 

« 

A 

Silver  und  illrn  ftlWy* 

1-1 

14,k.i* 

14Aa* 

l-f*.k 

14*  h 

&»i,k,m 

(twain.  ptatin«l 

S-l 

Sa 

S-a 

S-k 

S-h 

S-a 

4 

4hmi 

4rV 

• 

A 

4-a 

Mftfiwftlum 

• 

S-lpt'4 

14" 

14* 

•4* 

1-IA.* 

S-a 

t-a 

4 

4 

S-« 

4  a,o 

4-*** 

4-a 

Omtmtwm  pl*U*c 

VIA* 

14  a* 

N.A.*** 

N.A. 

14  a* 

„ 

•Va 

oa 

Sa 

J-a^ 

4-a^ft* 

4-a 

Catahn*  ptetl** 

VI.M 

VI, » 

N.A. 

N.A. 

S-k.m 

S-a 

S-a 

Sa 

4-  iw* 

4a 

0*14  pte(i«« 

1*6 

14a* 

•4a* 

N.A. 

N.A. 

i-i.i* 

14 

Sa 

Ite 

Sa 

A 

4-a.o 

4-a  4ft* 

4-n 

CuhM  «4  tew  *ite. 

14 

t-kj* 

14>a* 

1-4* 

t-i.k,M 

•Ml 

14 

Sa 

S-a 

1-1 

• -1 

S-a 

• 

i-M 

4-*V 

fl 

S-h 

< 

4-a 

■kilwtrit  Mtrrteb. 

HA. 

W* 

t-l.« 

N.A. 

N.A.' 

2-1, m 

niter,  iraltetir  mauriite 

4-o 

4 

6 

lurfm  ratine* 

S-l 

S-Hft 

S-a 

N., 

N.A. 

t-m 

4-o 

6 

• 

Tlftrt^lattkit 

• 

14a* 

1-iA* 

N.A. 

N.A. 

SW,m 

Kil-F,  Ute.,  n/te*.  rh. 

S-a 

S-a 

S-a 

4-aA 

4-a^* 

4-n 

A 

RtlaforM  «r  AIM 

4 

S-4^a 

S-i.rn 

N.A. 

N.A. 

S-l  m 

phnlte* 

4-o 

4-a* 

A 

Fibrous  nauriali 

N.A. 

N.A. 

N.A. 

N.A 

N.A. 

N.A. 

•aWatftft,  etc. 

Caikoa  a*  a  la 

N.A. 

l-a 

S-a 

N.A. 

N.A. 

S-n 

4-a 

4-a 

4a 

Ceramics  and  coriaots 

• 

S-a 

S-a 

N.A. 

N.A. 

S-a 

4-a 

4-a 

4a 

A 

8ot4*n 

• 

S-4,m 

S-i,m 

14*.  k 

14*. k 

t-i,m 

1  feud-tin,  low  molting) 

S-a 

S-a 

Mi 

S-h 

S-a 

Ma 

< 

4-a 

• 

• 

4-a 

•I'w  H*lN>  IMWnttN 

•  *0« •**•>•« tr* I  rritk*' 

•••No*  / 

»H»  rliaMli«  4r>4«*  *••  «  w«N  l»‘F 
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CLEANING  FLUIDS 
CLEANING  SYSTEMS 


CONTAMINATION  AND  CLEANING 


traliaation,  (Munition  and  riming  of  surfaces,  the  follow¬ 
ing  effects  will  ba  produced  by  the  denning  agent  on  the 
component  ( Reference  68-21 ) : 


Acid  cleaners 

Alkaline  cleunera 

Detergent* 

Son;  a 
Emulaiona 

Solvent* 

Water 


Slight  etching,  residual  organic 
Aim  organic  matter  and  moiature 

Slight  etching  of  light  metal*, 
alkaline  reaidue,  reaiduai  moiature 

Organic  reaidue,  moiature 
Organic  Aim,  eoapy  Aim,  moiature 

Organic  Alma  and  redduea, 
moiature 

Reaiduai  additive]  and  stabilisers, 
inorganic  reaidue# 

Organic  Aim  moiature 


ULTRASONIC  CLEANING.  Ultrasonic  cleaning  in  accnm- 
pliahed  by  inimerhng  a  Auid  element  (mo't  commonly 
Altera)  in  a  solvent  solution  and  applying  sonic  energy  to 
the  ayatem  through  transducers  mounted  on  or  within  the 
tank.  The  sonic  energy  will  produce  cavitation  on  tha  sur¬ 
face  of  elements  immersed  in  the  solution  which  will  loot  en 
contaminants.  The  effectiveness  of  the  cleaning  process 
depends  on  thorough  Aushing  or  rinsing  through  the  ele¬ 
ment  between  ultrasonic  cycles.  Flow  while  In  the  ultra¬ 
sonic  environment  is  relatively  Ineffective  due  to  decreased 
cavitation.  The  successive  application  of  ultrasonic  clean¬ 
ing  treatments  to  new  or  contaminated  Alter  elements  will 
produce  a  decreasing  downstream  particle  count  until  a 
minimum  level  l#  reached.  Beyond  this  point,  subsequent 
application  of  ultrasonics  will  not  usually  produce  signlA- 
cant  reduction  In  particle  count. 

lf.S.1.2  Selection  of  Cleaning  Met  hade.  The  factore  affect¬ 
in'*  the  selection  of  cleaning  methods  —  whether  the  com¬ 
ponent  can  be  Aushed,  sprayed,  soaked,  or  vapor  dag'-eaaad 
—  are  those  determined  oy  the  design  characteristics,  ease 
of  disassembly,  and  nature  of  the  component. 

Design  Characteristics.  The  site,  shape,  and  conAguratlon 
of  a  component  can  determine  the  ease  of  handling  iirf 
cleaning;  in  addition,  some  design  features  can  maka  a 
component  susceptible  to  damage,  or  can  impede  the  clean¬ 
ing  processes  altogether.  Component#  with  sharp  edges 
Ane  threads,  and  close  tolerances  can  be  easily  damagad  by 
etching  or  corrosion.  Pores,  crevices,  cored  holes,  and  re¬ 
cesses  are  example#  of  areas  which  resist  simple  cleaning 
methods  (Reference  *>6-27). 

Disassembly.  For  optimum  cleaning  operations,  components 
should  be  fully  disassembled.  Those  components  which  can¬ 
not  be  taken  apart  must  be  cleaned  by  special  procedure# 
or  by  systems  cleaning  methods. 


Filters.  Filter  elements  preaent  a  special  problem  in  clean¬ 
ing  bacauaa  they  are  purpose!)  designed  to  trap  materials 
Customarily,  Alter  element#  are  cleaned  by  back-flushing, 
however,  this  procedure  ts  time  consuming  and  far  from 
satisfactory.  An  improvement  of  tbit  method  consists  of 
alternate  rinsing  or  back  -Aushing  with  ultrasonic  cleaning 
( Reference  51-1) .  Thla  reduces  the  contaminant  population 
in  tha  elements  to  lower  levels  than  teose  achieved  by  plalr 
rinsing,  vibration,  or  submitting  tha  clamant  to  tha  condi¬ 
tion!  of  static  Aring  of  a  rocket  engine  (Reference  6-2). 

Freese  re  Gages.  Pressure  sensing  instruments  with  intri¬ 
cate  and  Ane  tubing,  auch  as  Bourdon  tubes,  can  ue  cleaned 
by  means  of  a  vacuum  Injection  of  tha  cleaning  Autds,  fol¬ 
lowed  by  vacuum  drying  (References  450-4  and  2S-S3). 

O-riags.  Elastomeric  seals  nuy  exhibit  a  powdering  condi¬ 
tion  on  tha  turf  ace  known  as  "O-ring  bloom  ”  This  built-in 
contaminant  inherited  from  manufacturing  and  compound¬ 
ing  operations  can  ba  removed  by  a  series  of  washings  with 
hydraulic  Auid,  naphtha,  and  iaopiopyl  alcohol  (Reference 
460-2). 

10.9.2  Cleaning  tho  Fluids 

To  control  the  introductior  of  contaminants  by  any  of  the 
Aulda  coming  in  contact  with  tha  component’s  surface  calls 
for  An  integrated  control  program  covering  all  aapeeta  of 
Auid  usage  Including  new  Autds,  test  Auids,  All-up  fluids, 
and  working  fluids. 

The  principal  methods  of  cleaning  missile  fluids  are  nitra¬ 
tion  and  separation.  Recant  development*  in  missile  fluid 
Altration  and  separation  equipment  have  widened  the  range 
of  particle  removal  capability  available  to  the  designer. 
The  choice  of  Altratkm  equipment  to  clean  up  missile  fluids 
constitutes  a  specialised  process  predicated  upo-  a  thor¬ 
ough  understanding  of  the  characteristics  of  the  filters,  the 
fluids,  and  the  fluid  system.  Fitters  are  discussed  in  Sub- 
Section  5.10  of  this  handbook. 

IQ.R.s  CteafHfw  FM<  fyetema 

When  fluid  systems  become  contaminated  beyond  the  scope 
or  protection  provided  by  Alters  it  becomes  nece tarry  to 
actually  clean  the  system  lines  or  circuit  Such  conditions 
may  arise  as  a  result  of  complete  disintegration  of  com¬ 
ponents,  heavily  encrusted  corrosion,  Introduction  of  tarry 
materials,  breakdown  of  fluids,  introduction  of  incompati¬ 
ble  fluids,  or  disintegration  of  seals  and  sealants.  Depending 
on  tha  degree  and  type  of  contamination,  there  are  two 
methods  that  can  ba  used  to  dean'  a  system : 

1 )  Flushing  vith  a  new  working  Auid 


Residual  Propellant*.  Residual  toxic  or  corroaiva  fluids 
should  be  thoroughly  neutralised  and  inerted  before  stand¬ 
ard  cleaning  operations  a  c  started.  Detc  Mion  of  the 
methods  and  materials  used  to  remove  residual  storable 
propellents  (nitrogen  tetroxide  and  hydraxine)  are  pre¬ 
sented  in  Reference  450-1. 


2)  Chemical  cleaning 

a)  Disassembly  of  the  system  and  retieanhig  of  all 
individual  components 


b)  In-place  cleaning  of  tha  entire  system 
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CLEANING  THE  ENVIRONMENT 


MJ.S.1  FLUID  FLUSHING.  In  minor  of  eonUmi- 

nation,  It  l>  pooaiblo  to  recondition  n  system  by  draining  it, 
raplacing  the  old  Alters,  and  flushing  It  wito  largo  volume* 
of  tho  working  fluid  »«*#d  In  the  system.  From  tho  p^int  of 
view  of  corr  patiblllty  and  systenu  simulation,  this  is  almost 
an  Ideal  remedy.  Since  hydraulic  systems  are  flushed  with 
hydraulic  fluids,  cryogenic  systems  can  be  flushed  with 
liquid  nitrogen,  and  praasuriantion  systems  can  be  purged 
with  gaseous  nitrogen  or  htlium.  This  procedure  is  accept¬ 
able  for  the  removal  of  looae  particulate  mutter,  *  ut  it  it 
llmllsd  by  the  lack  of  solubility  of  moat  contaminants  in 
tha  working  fluids  and,  therefor*,  cannot  he  used  to  dissolve 
and  -amove  adhered  and  cntrappsd  "ubstancos. 

It  §  y  y  CHEMICAL  CLEANING,  Chemical  cleaning  <  mi- 
alata  of  processing  elUinr  the  entire  syetom,  or  tta  individual 
components,  with  chemical  solutions  similar  t*  those  used 
to  clean  the  components  before  their  original  assembly.  To 
perform  such  an  operation.  It  is  necessary  to  alther  dis¬ 
assemble  the  syetom  and  claan  each  component  individually, 
or  to  flow  or  recirculate  tha  solutions  through  *ha  entire 
system.  The  choice  of  method  dopanda  on : 

a)  Type  of  fluid  system 

b>  Materials  compatibility  with  cleaning  solutions 

c)  Flow  conttnuity  through  tho  system 

d)  Ability  to  activate  and  c  perate  the  system  with  the 
cleaning  solutions 

a)  Kso*  of  disassembly. 

Disassembly  ami  Rceleantag.  Complete  disassembly  of  a 
system  and  cleaning  of  each  individual  component  can  le 
a  costly  and  time  consuming  operation.  However,  this  Is 
the  only  way  to  recondition  equipment  having  delicate  ma¬ 
terials  or  design  features,  or  systems  lacking  continuity  in 
their  flowpalh. 

In-Place  Cleaning.  To  clean  equipment  which  cannot  anally 
be  dismantled,  and  moat  airborne  systems  cannot,  an  alter¬ 
native  is  in-place  cleaning  of  the  entire  system.  This  pro¬ 
cedure  varies  with  the  typo  of  system  and  its  materials, 
but  usually  entails  draining  ail  tha  working  fluid,  removing 
any  failod  parts  and  spent  Alters,  and  Ailing  tha  system 
with  solutions  of  chemicals  or  their  vapors.  The  fluids  are 
then  recirculated  or  allowed  to  soak  for  a  given  period  of 
timo  at  various  flow  rates  and  temperatures,  followed  by 
rinsing,  purging,  drying,  testing,  and  Anally  reassembly 
and  sealing.  This  procedure  has  the  following  advantages 
and  limitations: 

A  dean  taps* 

Only  way  to  clean  s.stsms  which  are  bulky,  fixed,  or  net 
eaaily  disassembled. 

Eliminates  cost  of  disassembly  end  reassembly. 

Flushing  follows  tho  path  of  the  working  fluids. 
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Limitations; 

Possible  Incompatibility  of  seals  and  delicate  surfaces  with 
cleaning  fluids. 

Danger  of  hatardous  residues  and  dims. 

Poisible  entrapment  of  cleaning  fluids  in  dead  ends  "ml  low 
points. 

Deterioration  of  moving  parts  when  actuated  with  the  clean¬ 
ing  fluids. 

A  good  example  of  the  use  of  in-place  chemical  cleaning 
is  presented  In  Reference  *50  1,  which  describee  the  de¬ 
velopment  of  fluids  end  processes  for  decontaminetinr  the 
TITAN  II  rocket  engines  after  their  flna>  acceptance  teat 
by  static  firing.  An  excerpt  from  the  reference  is  as  follows: 
“The  .-leaning  process  consists  of  two  water  cycles,  three 
cycles  with  neutralising  solution,  three  water  cycles,  and  a 
Anal  hot  nitrogen  purge.  A  single  cycle  operation  cwuista 
of  fllllng  the  engine,  holding  tho  liquid  undor  pressure  while 
the  engine  turbine  pump  assembly  is  rotated  at  200  rpm, 
and  thorough  draining  of  the  cleaning  1  quid.” 

10.5.4  Owning  ttw  Environment 

A  basic  element  of  a  contamination  cortrol  program  is  con¬ 
trol  of  tho  environment  in  which  the  components  or  tho 
equipment  are  being  cleaned.  It  is  vwvy  difficult  to  claan 
components  and  maintain  their  cleanliness  when  they  are 
exposed  to  contamination  i.-om  the  surrounding  environ¬ 
ment. 

The  need  for  environmental  control  arises  from  the  fact 
that  normal  manufacturing  atmoaohere  and  conditions  are 
inadequate  to  ensure  the  attainment  of  the  cleanliness  re¬ 
quired  by  precision  components.  C*ty  air  is  heavily  laden 
with  vapors,  gases,  and  particulate  matter;  shop  opera¬ 
tions  only  serve  to  increase  this  concentration  level  (Tab'e 
10.5.4).  Thus,  if  a  component  is  to  be  processed  and  decon¬ 
taminated  to  levels  below  thooe  foui.d  in  the  air  about  us, 
it  is  necessary  to  bring  it  into  u  special  facility  where  the 
sources  of  environmental  contamination — people,  processes, 
surfaces,  and  airhos'sse  matter — ran  be  controlled  witb*n 
specified  Mmits.  Such  special  facilities  are  known  as  drum 
rooms. 

A  clean  room  may  be  defined  at,  a  facility  or  enclosure  in 
which  the  air  contents  and  conditions  are  controlled  and 
maintained  at  a  specific  level  by  means  of  special  construc¬ 
tion  and  facilities,  special  operating  processes,  and  specially 
trained  personnel.  The  degree  to  which  air  conditioning  is 
controlled  is  usually  dictated  by  the  cleanliness  requirements 
of  the  parts  and  components  that  are  to  be  processed  in  it. 
They  include  four  parameters:  temperature,  humidity,  utr 
pressure,  snd  airborne  contamination  contents. 

Variations  in  the  requirements  of  these  four  parameters, 
particularly  the  concentration  and  distribution  of  airborne 
’contaminants,  have  given  origin  to  many  names  for  a  clean 
room,  such  as  white  room  ( Reference  451-1 ) ,  dust-controlled 
area,  environmentally  controlled  area,  duct  free  area,  super- 
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0.7  -  1.4 
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46 

11.1-22.4 
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20 
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(ten  rua,  (imrIhi  facility,  and  ctetnini  wteMIcKant 
Althenph  mm  «f  there  nMM  arc  In  tended  to  be  synoay- 
aeeue  with  hiph  defies*  of  cleanliness  «ad  pllnrt  fro  eh* 
dewy  misnoasers.  they  ere  all  indicative  of  the  back  role 
that  cleaaliaaae  requirements  play  la  the  design  and  opera* 
tie*  of  a  clean  ran. 

The  cleenlii.aea  requirement*  and  environmental  control* 
of  a  clean  room  ahcrld  satlefy  the  deanCime  levels  of  the 
component*  processed  them  throughout  operation*  of  clean¬ 
ing,  teetinp.  inspection  and  soalinp.  The  criteri-  fer  cleanli¬ 
ness  levels  In  clean  rooms  m  summarised  in  Table  10.4,4b 
indicate  the  requirements  M  by  the  only  official  document 
available  on  this  subject. 

The  design  characteristics  of  clean  rooms  vary  widely,  in 
accordance  wit!,  the  cha carter  of  the  specific  cleanliness 
lev  ds  maintained.  However,  based  on  the  pi  :  mis*  that  clean 
rooms  must  be  desipned  to  control  the  pc  ration  of  par¬ 
ticles  within  the  area  and  the  introduction  of  particles  into 
the  sroa,  they  must  fulfill  the  followinp  minimum  desipn 
requirements  (References  89  1,  461*1,  464*1,  and  464*2): 


6)  Particle  ssntoat  ef  the  air  >>eutd  ha  esaintelaed  with! a 
limit*  eotilaed  In  Table  10.4.4b 

0)  Air  Item  should  n  neve  M.M  percent  of  all  pnrttoiee 
theme  M  mhsrons 

7)  Plow  af  air  eluuld  he  downward  frees  the  eeiUap 

Muck  of  the  work  Involved  In  the  control  ef  airborne  con¬ 
taminant*  sad  air  ceodt-onlug  la  cleaa  ream*  has  beer 
preatly  simplified  reoeeUy  by  the  wee  of  the  Withhold  Piin- 
ciple  of  iuirttaar  air  fiow.  fhl*i  ianovatket  ceaaleto  ef  intro- 
dueiac  air  in  the  room  through  an  overhead  hank  of  f  frets 
end  nednf  the  entire  body  tf  air  acreaa  to  the  opposite 
side.  There  *t  la  cxha>i*trdl  throuph  a  prated  boor  (Figure 
10.6.4  and  Reference*  4414,  466-1,  aad  460*1).  Hy  this 
math  i  f ,  the  looming  Altered  air  is  continuously  washiup 
eway  *11  of  '.he  particles  Inside  Urn  ana,  instead  ef  Just 
spite tiap  then,  aad  partially  eshauetiac  then*  outside. 

The  Whitfield  Principle  af  laminar  air  dew  idao  can  he  used 
to  Aon*  elr  hwrisoati  Ily  in  individual  work  station*,  or  across 
entire  rooms  in  which  opposite  walla  are  aaed  as  the  air 
inlets  and  outlets.  The  downward  flow  of  air  exhaust! np 
throuph  a  prated  llcor  is  the  moot  efficient  arranpement 
and  provides  the  highest  level  ef  cost  tom  imatioR  control  fer 
an  entire  area  (Ref erodes  446-3).  However,  even  horizontal 
flow,  which  may  be  man  convenient  aad  earner  to  construct, 
can  produce  level*  of  ciea'tfleaasclafmed  to  be  200  times 
cleaner  than  a  Hospital  operating  room  (Reference  446-1). 
The  two  primary  roquh  omenta  for  clean  rooms  usi-ip 
tills  principle  of  air  contain  inatic.  a  control  are  (Reference 
448-3) : 

1)  The  space  to  be  kspt  cleaa  must  have  wells  or  sides 
which  help  maintain  laminar  flow. 


I )  The  area  must  be  entirely  enclosed 

21  The  interiors  must  hold  contaminant  feneration  and 
entrapment  areas  to  a  minimum 

3 )  Illumination  should  provide  a  minimum  of  100  ft -candles 
at  bench  level 

4 )  Entry  of  personnel  and  hardware  must  be  nif  throuph 
air  locks  that  maintain  the  cleanliness  levels  of  the  area 

t )  Work  surfaces  must  not  generate  particles 


2)  The  air  inlet  and  outlet  must  each  have  a  total  area 
equai  to  that  of  the  cross  section  of  the  confined  space. 

Thu  control  of  environmental  contaminants  does  not  end 
with  the  installation  of  a  well  'esigned  and  equipped  clean 
room.  To  achiove  and  maintain  a  cieeuliaoes  level  common 
with  the  composes:  being  processed  requires  three 
additional  indispensable  factors:  (!)  itetet  and  proper 
oporatinp  procedure j,  (2)  continuous  maintenance  control, 
and  (3)  properly  trained  personnel. 


6)  Equipment  in  the  area  must  not  be  a  source  of  con¬ 
tamination 

The  heart  of  the  clean  room  is  the  air  conditioning  and 
■titration  equipment.  Typical  requirements  of  operation  are 
as  follows: 

1 )  Air  supply  should  be  changed  on:*  every  three  minutes 
21  Air  temperature  should  br  7S>  F  ±  6* 

3)  Relative  humidity  should  be  45  percent  ±  6% 

4)  l  ositive  air  pressure  on  adjacent  areas  should  be  0.10 
inch  of  water  minimum 


Clean  room  oporatinp  procedures  involve  n  multitude  of 
details,  described  in  References  446),  454-1,  464-2,  and 
468-1.  The  most  important  functions  to  bo  observed  are: 

1 )  Ail  objects,  tools,  and  materiuls  must  be  cleaned  before 
poinp  into  a  clean  room 

2)  All  personnel  must  be  properly  cleaned  and  attired  be¬ 
fore  poinp  into  a  cl  .an  room. 

3)  Access  to  the  clean  room  must  be  strictly  controlled  and 
the  number  of  personnel  within  it  (including  workers) 
maintained  at  an  absolute  minimum. 
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Pfcww  1R.&4.  Clm  Rwwn  tMflg  WMtfMM  Laminar  .Jr  f*sw 

(From  UM  DeNttoM  Or*w  |M1«V 


TM  mb.touci  anJ  control  ropiimaniti  of  dcon  room* 
con  slot  of  a  itrict  hviKki^Ini  pr«frsw  u4  around-the- 
ckck  p«Mk  inspection  of  tht  Dm  bade  parameters  of  an 
nwiMialu,  tmparitan,  kwiMhtr,  air  praiwvc,  and  air- 
Sorne  contamination  e-mteuts  (Kaftwnwi  411-1  vM-’,  and 
469-1). 

Poroonnol  in  a  daw  room  nuit  b«  prapwly  traind, 

•flipped,  mo  indoctriaatod,  ainco  the  p'odxte  awlrinp 
from  a  ckua  room  are  only  u  clean  aa  the  ptiMonii  work- 
Sag  in  It  To  tkU  etfect  poreot»w«  moot  be  folly  cwfaiiani 
of  tho  nature ’of  contamination  aix!  Ite  control,  and  their 
operation  within  tho  doan  area  mud  adhere  to  approved 
procedures.  The  extent  and  Importance  of  such  procedures 
are  indicated  hjr  tho  fact  that  merely  crumpling:  a  piece  of 
paper  gone  rates  clouds  of  parHcies  *4  microns  sod  larger 
(Reference  MW). 

!9.«  CONTAMINATION  CONSIDERATIONS 
In  DCWI 

ii«t  to  tho  functional  design  parameters  of  a  fluid  com¬ 
ponent,  ecr.tam ‘nation  control  is  perhaps  the  most  important 
design  consideration.  It  Is  the  reaponsibtlity  of  the  fluid 
component  designer  to  derc’tp  contaminant-conscious  de¬ 
signs  which  will  facilitate  the  control  of  contamination.  Ic 
la  within  his  province  to  determine  the  critical  factors  that 
bring  about  tho  need  ‘or  such  control :  dimensional  toler¬ 


ances.  mate wal?,  f|>  .ds,  fln'shes,  flow  rnes,  etc.  The  .lentet 
of  protection  required  by  these  critical  factors  dctei  inines 
tho  level  of  contamination  control  i.ecessary  to  assure  >per«- 
tional  capability  and  performance  requirements.  These 
levels  c#  umtaml  stiou  in  turn  effect  contamination  levels 
of  working  fluids,  clean  room  specifications,  flltrati  >n  1 e- 
oui  smients,  maintenance  schedules,  and  the  over-a  1  cost 
of  elm  In*-. 

10.C.1  Ddgigit  Criteria 

The  approseh'ts  that  the  component  designer  can  ti  ke  to 
facilitate  tHe  taslr.  of  contaminn* ion  control  fall  in'o  the 
followir  y  f.ve  cstetrories :  . 

1.  T educe  the  sources  of  contaminants  in  systems  am  com¬ 
ponents  by  selecting  materials,  holds,  and  mechanic  i1  de¬ 
signs  which  m'iil  vs  luce  the  rate  of  wear,  friction,  i  tress, 
..wd  fluid  d«\  'imposition. 

S.  Increase  the  tolerance  of  ccmponentp  to  containi;  ntioi, 
by  increasing  the  dimensional  clearances  to  the  ma>'  umtn 
values  compatible  with  functional  -equi  foments. 

3.  Protect  components  and  systems  from  contanvinai  ts  by 
meant  of  aoequate  filtration,  sealed  modules,  clean  luids, 
and  clean  environment  during  assembly  and  instalkat  on. 

4,  Provide  accessibility  for  the  inspection  of  lyster.  .  and 
components  and  for  tne  removal  of  c  ntaminants  by  .illow- 
inx  means  of  disassembly  for  cleaning,  drainage,  post 
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assembly  cleaning,  ana  maintenance  operations. 

6.  Establish  adequate  levels  of  contamination  control  by 
relating  thr  cleanliness  requirements  to  the  actual  Mads 
and  nature  of  the  system  and  components  at  a  given  stage 
of  development;  all  airborne  components  cannot  be  treated 
as  if  they  were  hydraulic  servovalves. 

The  following  review  of  current  engineering  design  prac¬ 
tices  demonstrates  how  the  designer  can  use  these  five 
approaches  to,  overcome  the  problem  of  contamination  in 
components,  systems,  fluids,  and  the  working  environment. 

10.6.2  CotnpoiMnl  Design 

Ail  design  considerations  for  contamination  control  should 
be  viewed  in  the  light  of  the  over-ail  fluid  system  nr'd  the 
eventual  rcle  of  the  fluid  component  in  an  airborne  vehicle. 
Even  though  contamination  control  begins  with  the  dtiign 
of  a  component,  the  designer's  efforts  cannot  stop  there. 
B •-cause  of  his  over-sll  knowledge  of  the  system,  the  de¬ 
signer  must  anticipate  possible  problems  and  provide  design 
guide  lines  that  will  carry  through  subsequent  operations 
such  as  materials  selection,  manufacturing  processes,  test¬ 
ing,  cleaning,  packaging,  and  installation. 

19.6.2.1  DESIGN  CONFIGURATION.  The  design  features 
of  a  component  can  provide  two  solution*!  for  keeping  con¬ 
taminate  under  control :  the  reduction  of  generating  serv¬ 
ices  and  the  reduction  of  the  susceptibility  of  the  system 
and  components  to  the  contaminants.  Coincidentally,  a  de¬ 
sign  that  is  tolerant  of  some  contamination  is  leas  prone  to 
generate  contaminants  because  it  has  fewer  points  of  fric¬ 
tion  and  wear  (Reference  463-1).  Examples  of  these  two 
approaches  and  other  means  of  control  at  the  design  level 
are  listed  below. 

a)  The  interior  of  ail  fluid  components  should  be  smooth 
(to  eliminate  flaking),  and  continuous  (to  promote 
flashing  action  during  flow).  Pockets,  dead  ends,  crev¬ 
ices,  labyrinth  areas,  and  cavities  should  be  ebminated; 
they  collect  dirt  which  is  later  released  during  peak 
flow  rates. 

h)  The  component  should  be  able  to  be  disasi  mbled  and 
accessible  for  cleaning. 

•)  Avoid  threaded  joints. 

d)  Use  strong  positioning  and  actuating  forces  to  preclude 
jamming  of  mechanisms  kv  particles. 

c)  Eliminate  feather  edges  and  other  delicate  features 
susceptible  to  cracking.  Reduce  the  number  of  abrading 
surfaces  and  friction  points.  Rubbing  surfaces  should 
be  carefully  balanced  to  prevent  erc^ssiv*  wear. 

ft  Protect  delicate  design  features  bv  sealing  them  and 
providing  caps  and  boots  to  keep  out  airborne  dirt. 

g)  Provide  the  widest  possible  tolerances  in  orifices  and 
clearances.  Design  the  components  4  >  operate  with  a 
fluid  contaminated  with  *he  largest  pa-iicles  tolerable. 


H)  Minimise  screw-type  fasteners  and  other  particle- 
generating  connectors  or  devices. 

I)  Pump*,  actuators,  and  dynamic  mechanisms  with  wear¬ 
able  surfaces  should  be  put  through  a  breaking-in 
period  tc  run-in  the  friction  points  aid  abrading  sur- 
faces.  The  intended  >  o  -king  fluid  and  a  return  filter 
should  be  used.  After  the  operation,  the  pump  or  com¬ 
ponent  should  be  disassembled,  inspected  for  excessive 
wear,  reclaaned,  and  reassembled. 

10.6.2.2  MATERIALS  SELECTION.  V  »r  and  corrosion 
of  components  constitute  large  nourcee  of  contamination ;  to 
reduce  them,  proper  attention  must  be  given  to  the  process 
qf  material*  selection  and  application.  The  following  guide 
tines  are  the  moat  outstanding  and  most  often  recom¬ 
mended: 

a)  Select  materials  to  resist  wear  according  to  the  follow¬ 
ing  steps  (Reference  19-220) : 

List  the  materials  that  fulfill  the  mechanical  re¬ 
quirements  of  the  parts. 

Determine  the  expected  service  conditions  of  the 
part. 

From  the  abova  data,  narrow  the  number  by  pick¬ 
ing  only  those  materiel*  that  have  shown  low  v  ear 
in  similar  applications. 

Follow  up  by  actual  testing. 

b)  It  is  generally  advisable  to  use  stainless  steel  in  all 
components,  fittings,  and  tubing,  particularly  in  com¬ 
ponents  which  will  stand  idle  or  will  be  stored  and  are 
subject  to  internal  moisture  condensation  (Reference 
61-12). 

c  )  Hoses  and  flexible  connections  should  be  made  of  Teflon. 
Pressure  hoses  should  be  made  of  Teflon  reinforced 
with  stainless  steel  braid.  Rubber  hose  is  difficult  to 
clean,  and  filler  materials  can  be  washed  off  (Refer¬ 
ences  1-26,  1-26,  1-107,  6-32,  61-6,  61-12,  and  V-168). 

d)  Aluminum  castings  sh.id  large  quantities  of  very  fine 
particles  in  the  3  micron  range  (Reference  6-S8).  Alu¬ 
minum  alloys  need  to  be  anodized  to  prevent  them  from 
adding  particles  and  corrosion  products  io  the  fluid 
stream  (Reference  61-12). 

e)  Avoid  any  flaky  or  friable  surface  finishes.  Cadmium, 
zinc,  and  tin  plating  flake  or  scrape  easily.  Use  electro¬ 
less  nickel,  chromium  or  anodizing  (Reference  6-32). 
Hard  chrome  plating  is  susceptible  to  fatigue  unless  it 
is  supported  on  a  firm  base  (Reference  6-32), 

f)  Do  not  use  ceramics,  particularly  those  with  unginzed 
surfaces  (Reference  V-168). 

g)  Soft  and  stringy  packings  are  gradually  deposited  in 
the  fluid  stream  (Reference  V-168). 

h)  Use  filter  conduction  materials  thr.t  are  structurally 
adequate,  corrosion  and  temperatu.-e- resistant  to  the 
fluids,  and  will  not  migrate  to  the  downstream  por¬ 
tions  of  the  system  (References  1-25,  1-26,  1-107,  and 
450-2). 
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i )  Careful  consideration  of  material,  hardness,  and  finish 
will  reduce  wear  and  particle  generation.  Specify  that 
surfaces  which  rub  against  each  other  are  smooth  and 
of  different  hardness.  A  surface  hardness  of  60  RC  is 
considered  optimum  (References  6-1,  19-221,  114-4, 
and  453-1). 

16.6.2.3  MANUFACTURING  OPERATIONS.  Improve¬ 
ments  in  manufacturing  operations  can  reduce  built-in  con¬ 
tamination  from  this  primary  source.  Anticipate  manu¬ 
facturing  or  fabrication  techniques  that  will  increase  the 
contamination  levels.  For  example,  shrink-fitting  of  mating 
parts  instead  of  press-fltting  or  threading  prevents  shaving 
off  metal  slivers  which  later  contaminate  the  system  ( Ref¬ 
erences  65-27  and  6-1).  Other  common  recommendations 
aimed  at  curtailing  the  generation  of  contaminants  during 
manufacture  of  components  and  their  parts  are: 

a)  Avo<d  metallic  castings,  since  they  generally  carry  in¬ 
clusions  and  molding  residues  such  as  core  sand.  Use 
forged  stock  or  raw  stock.  If  castings  are  to  be  used, 
the  cast  surfaces  should  be  machined  'References  i-25, 
1-26, 1-107,  and  6-32). 

b)  Clean  tools  and  molds  during  forming  and  drawing 
operations  in  order  to  avoid  embedding  hard  metallic 
particles  (Reference  6-32). 

c)  Deburr  each  part  before  each  formirg  operation,  and 
degrease  it  using  ultrasonic  cleaning  end  vapor  de¬ 
greasing  (Reference  6-32). 

d)  Weld,  braze,  and  solder  before  the  final  machining,  or 
clean  immediately  afte.ward.  If  the  weld  areas  are  ex¬ 
posed  to  the  fluid,  they  should  be  machined  to  remove 
oxides  (Reference  &-32). 

e)  To  eliminate  weld  spatter  in  Alters,  use  seam  welding 
of  overlapping  joints,  avoid  arc  welding  of  open  sec¬ 
tions,  and  provide  ample  openings  for  final  cleaning 
(References  1-25,  1-26,  and  1-107). 

f)  All  functional  surfaces  should  be  finished  as  smooth 
as  possible  so  inoy  can  operate  efficiently  without 
generating  contaminants.  In  the  design  of  hydraulic 
components,  a  surface  finish  of  8  to  16  microinches  is 
recommended  by  some  investigations,  while  others  con¬ 
sider  a  range  of  5  to  10  as  the  optimum  finish  generating 
the  least  amount  of  contaminants.  If  the  finish  is  finer, 
the  parts  will  not  retain  oil;  if  it  is  more  coarse,  it  will 
abrade  contacting  surfaces  (Reference)  6-32,  19-220, 
114-4,  and  450-2). 

g)  Heat  treat  before  machining  the  surfaces  of  internal 
parts,  otherwise  the  oxides  formed  during  heating  will 
be  difficult  to  remove  (Reference  6-32) . 

h)  Do  not  plate  springs  or  other  parts  subject  to  high 
torsional  stress  in  order  to  avoid  flak’ng  the  coating 
(Reference  6-32). 

i)  Avoid  corad  passages,  particularly  in  casting;  drilled 
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passages  are  smoother  and  do  not  hold  core  molding 
materials  (Reference  6-32). 

10.6.2.4  COMPONENT  TESTING.  The  last  and  most  often 
overlooked  step  in  the  production  of  fluid  components  is 
the  performance  checkout.  This  function  has  been  attributed 
to  being  &  frequent  source  of  contamination  in  fluid  com¬ 
ponents,  and  to  reduce  this  source,  the  following  procedures 
are  recommended : 

a)  Maintain  close  control  over  contamination  level  in  all 
test  equipment.  All  fittings,  fluids,  and  assemblies  used 
to  test  components  must  be  ns  clean  as  or  cleaner  than 
the  component  being  tested  and  should  be  used  only 
once  for  each  test  sqtup  (References  6-32  and  19-220). 

b)  Clean  all  test  equipment  connectors  thoroughly  before 
making  connections  (References  6-1  and  51-6). 

c)  Use  dummy  components  to  prevalidate  the  cleanliness 
of  the  test  circuits  (Reference  6-32). 

10.6.2.5  CLEANING  AND  PACKAGING.  Not  all  the 
sources  of  contamination  encountered  during  manufactur¬ 
ing  can  be  eliminated  completely,  but  they  can  be  reduced 
substantially  by  precleaning  components  to  a  specified  level, 
and  by  maintaining  them  in  such  a  condition  during  assem¬ 
bly  and  installation  by  means  of  a  clean  area  where  con¬ 
taminants  have  been  reduced  to  a  correspondingly  low  level 
(Reference  51-6).  Other  specific  recommendations  to  the 
designer  concerning  component  cleanliness  are : 

a)  Clean  components  and  parts  immediately  after  ma¬ 
chining  before  cutting  oils  set  ( Reference  6-1 ) . 

b)  Clean  all  surfaces  and  channels  of  filters  thoroughly, 
using  a  combination  of  ultrasonic  cleaning  and  flush¬ 
ing  (Reference  6-1) . 

c)  Clean  parts  with  small  cored  passages,  such  as  cast¬ 
ings,  carefully  before  assembly  to  remove  contamir  ints 
from  these  blind  passages  (Reference  6-32). 

d)  Take  pains  to  clean  at  the  component  If /el,  even  when 
components  are  not  contaminant-sensitive,  to  avoid  con¬ 
tributing  later  to  the  system  contamination  which  is 
harder  to  eradicate  (Reference  6-32). 

e)  After  cleaning,  parts  and  components  should  be  pack¬ 
aged  in  heat-sealed  plastic  bags,  avoiding  the  use  of 
preservatives  and  coatings  (References  6-32,  19-221, 
and  136-4). 

f)  Cleaned  components  should  have  all  parts  and  connec¬ 
tions  capped.  Male  fittings  should  be  capped  with  anod  • 
ized  aluminum  caps.  Female  fittings  should  be  plugged 
with  the  fittings  used  in  flight  and  capped  v/ith  alu¬ 
minum  caps.  A /©id  the  use  of  plastic  and  soft  metals 
for  capping  (Reference  6-32). 

g)  A  practical  and  feasible  level  of  filter  element  cleanli¬ 
ness  is  that  point  when  approximately  the  same  amount 
of  particles  that  could  be  removed  by  vibration  and 
flow  are  removed  by  process  cleaning  (Reference  51-0) . 
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18.&.2.8  ASSEMBLY  AND  INSTALLATION.  Introduction 
of  fore'jpn  matter  and  airborne  dust  muri  be  controlled  until 
the  last  moment  when  the  component  is  assembled  into  a 
sy.tem.  Lccommwndations  are: 

a)  Final  assembly,  cle*  ning,  and  inspection  of  components 
must  be  done  in  a  clean  environment  commensurate 
with  the  levels  of  cleanliness  required  ( Reference  6-32 ) . 

b)  Thread  compounds  and  lubricants  should  be  avoided. 
Use  of  Teflon  tape  is  reconr. 'mended  (Refeience  51-12). 
If  lubricants  must  be  used,  they  mould  be  compatible 
with  tlx  fluids  (Reference  28-4P). 

1  •.4.2.7  HYDRAULIC  SERVOVALVES.  From  the  con¬ 
tamination  standpoint,  hydraulic  aervo  systems  are  un¬ 
doubtedly  the  most  crtical  airborne  systems.  Next  to 
inertial  guidance  system  components,  hydraulic  servo  com¬ 
ponents  demand  the  mort  extreme  accuracy,  stability,  and 
response.  To  meet  these  stringent  operation  requirements, 
servovalves  usually  have  minute  tolerances,  openings,  and 
act  ating  forces.  The  critical  nature  of  these  dimensions 
becomes  apparent  by  looking  at  the  critical  clearances  of  a 
typical  servovalve  (Table  10.6.2.7a). 


Table  10.6.2.7a.  Average  Critical  Dimensions  of 
Hydraulic  Servovalves 

(Reference  6-281 


MU 

CLEARANCE  GO 

Spool  diametral  clearance 

1-10 

Flapper  nozzle  clearance 

26-38 

Metering  orifice 

75-38 

Nozzle  clearance 

254-1016 

Pole  piece  clearance 

254-1270 

Drain  bleed  orifice 

305  660 

Servovalve  failures  due  to  contamination  are  usually  of 
two  typee — failures  caused  by  plugging  of  orifices  aid  nox- 
slea,  and  those  caused  by  sticking  of  sliding  mechanisms. 
Both  of  these  conditions  can  be  considerably  corrected  at 
the  design  level  by  keeping  the  contaminants  under  control 
and  reducing  the  susceptibility  of  the  servovalves  to  the 
contaminants.  The  effects  of  contaminants  on  servovalves, 
along  with  corrective  action,  are  given  in  Table  10.0.2.7b. 


10.6.3  Fluid*  Compatibility 

The  internal  environment  of  fluid  components  is  mostly 
determined  by  the  working  fluids.  Each  fluid  system  — 
pneumatic,  hydraulic,  fuel,  pressurizatior,  or  propellant  — 
has  its  own  characteristics  and  requirements  of  chemical 
and  physical  compatibility.  If  these  requirements  are  not 
satisfied,  the  least’ that  can  happen  is  a  heavy  generation 
of  contaminants.  Corrosive  propellants  can  generate  cor¬ 
rosion  products;  cryogenic  fluids  may  crack  aeals;  over¬ 
heated  hydraulic  fluids  may  break  down  and  deposit  gums 
or  varnish ;  particles  entrained  in  high  pressure  gases  will 
erode  surfaces;  and,  of  course,  scdimer.t  and  sludge  will 
plug  Alters,  injector  orifices,  and  small  lines  Such  problems 
are  heavily  compounded  in  closed  recirculating  circuits  such 
as  hydraulic  and  lubricating  systems  where  the  fluid  is 
continuously  subjected  to  repeated  trials  and  stresses,  while 
the  amount  of  particles  due  to  system  wear  are  continuously 
increasing. 

10.6.4  Systems  Design 

The  component  designer  can  do  much  at  the  system  level 
to  keep  up  the  contamination  control  effort  originating  with 
the  design  of  fluid  components.  He  can  aid  in  the  immuniza- 


Tabie  10.6.2.7b.  Characteristics  of  Systutn  Contamination  on  Sarvovalvaa 

(Reference  6-42) 


FARTICLC  PROPERTIES 

EFPilCT  ON  SERVOVALVE 

CORRECTION 

Size 

Orifices  and  nozzles  are  pluggi  d  by  particles  their 
same  size  or  larger.  Valve  spoils  stick  because 
of  trapped  particles.  Hysteresis  increases. 

Adjust  filters  to  particle  size.  Since  system 
null  leakage  and  dead  band  requirements 
establish  diametral  clearance,  coi  rection 
depends  on  valve  design. 

Shape 

Filters  are  effective  on  particle’s  smallest 
dimension  only.  Orifices,  nozzles,  and  passages 
trap  particles  because  of  largest  dimension. 

Eliminate  fibrouj  contaminants  which  can 
pass  filters  and  build  up  in  the  valve. 

Materiai 

Magnetized  particles  can  form  clusters.  Sticking, 
change  in  leakage,  and  deadband  characteristics 
are  caused  by  hard,  abrasive  particles.  Flexible 
materials  work  through  filters,  change  shape, 
and  build  up. 

Properly  design  the  valve  to  eliminate 
com  aminants. 

Suspension 

Malfunction  is  caused  by  suspended  particles  being 
carried  into  the  valve.  ( Light  particles  will 
suspend  in  fluid  more  than  heavy  particles;  small 
ones  more  than  large  ones  of  the  seme  density) 

Analyze  tubing  configuration,  fluid 
viscosity,  and  environmental  conditions 
such  as  vibration  and  temperature  which 
affect  particle  suspension. 
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tion  of  the  iystem  egainst  contamination  by  giving  proper 
consideration  to  the  location  of  components,  circuit  config 
uration,  assembly  methods,  selection  of  fittings  and  piping, 
and  analysis  of  the  over-all  system  contamination  sources. 
In  essence,  the  criteria  behind  these  considerations  is  a 
oroilary  of  the  principles  used  in  the  design  of  contaminant- 
conscious  components:  to  channel  any  possible  design  fea¬ 
tures  towards  the  control  of  contamination  by  reduction 
and  removal  of  the  contaminants  or  protection  and  desensi- 
tisaticn  of  the  system.  A  review  of  current  engineering 
design  practices  covering  these  concepts  of  contamination 
control  is  presented  below. 

19.6.4.1  INCREASE  TOLERANCE  TO  CONTAMINA¬ 
TION.  Most  contamination  prcblems  originate  from  inade¬ 
quate,  unnecessary,  or  over-strict  cleanliness  requirements. 
Wherever  possible,  the  system  should  be  designed  for  a 
maximum  of  dirt  tolerance.  The  alternative  to  this  is  the 
installation  of  finer  or  bigger  filters,  larger  pumps,  and  the 
implementation  of  costly  cleaning  operations  and  quality 
control  procedures.  The  following  recommendations  are  the 
most  commonly  suggested  to  help  develop  fluid  systems 
with  a  reasonable  contamination  tolerance : 

a)  Design  systems  to  operate  with  a  reasonable  amount  of 
dirt,  based  on  the  tolerance  of  the  most  critical  com¬ 
ponents.  If  particles  of  uver  several  hundred  microns 
can  be  tolerated  and  dissolved,  matter  is  no  problem, 
and  ordinary  design  and  quality  control  procedures 
will  suffice  to  maintain  system  performance  (Refer¬ 
ences  19-221,  136-4,  and  460-4). 

b)  Dirt  tolerance  of  a  system  should  not  be  predicted  upon 
the  quality  of  fluids  available,  since  the  initial  condi¬ 
tion  of  the  fluid  is  lost  when  flow  begins,  particularly 
in  a  recirculating  system  ( References  23-33  and  463-1 ) . 

c)  To  determine  the  dirt  tolerance  of  a  system,  the  follow¬ 
ing  guide  lines  are  given  in  References  19-221  and 
136-4: 

Determine  which  components  are  most  susceptible 
to  malfunction  because  of  contamination. 

Calculate  maximum  flow  ratei.  and  pressure  at  sus¬ 
ceptible  points  to  determine  what  problems  exist. 

Define  how  long  the  system  must  function  between 
maintainance  periods.  If  a  system  can  be  cleaned 
frequently,  larger  quantities  of  contaminants  can 
be  tolerated. 

Define  the  types  of  contaminants  expected.  De¬ 
termine  the  possible  effect  of  soluble  contaminants 
and  the  sire  and  amount  of  insoluble  materials. 
Insoluble  materials  are  usually  the  most  critical. 

d)  Install  sampling  points  at  proper  locations  to  allow 
adequate  monitoring  of  system  cleanliness  (Reference 
136  4). 

10.6.4.2  REDUCING  CONTAMINATION  SOURCES  The 
best  defense  against  contaminants  is  prevention.  It  is  easier 


and  cheaper  to  reduce  the  sources  and  avenueo  of  entry  thar 
to  clean  and  filter  the  unwanted  particles  and  subetancee. 
A  considerable  reduction  in  contaminants  can  be  obtained 
by  care  in  assembly  and  installation,  by  simple  design,  and 
by  paying  attention  to  common  everyday  housekeeping  and 
plumbing  practices  as  indicated  by  the  following  recom¬ 
mendations  : 

a)  Use  lubricants  compatible  with  the  fluids  to  be  handled, 
and  only  when  absolutely  necessary  Avoid  pipe  com¬ 
pounds;  use  Teflon  tape  wrapped  two  threads  busk 
from  front  end  (References  1-26,  1-26,  1-107,  20-49, 
61-12.  460-2,  and  V-158). 

b)  Do  not  use  soft  or  stringy  packings  requiring  periodic 
replacement  ;  they  are  gradually  deposited  in  the  fluid 
stream  (Reference  V-158  >. 

c)  Minimise  pipe  and  tubing  runs.  The  shortest  length 
will  have  the  smallest  surface  area  and,  correspond¬ 
ingly,  the  lowest  potential  source  of  contaminants.  Min¬ 
imise  the  number  of  tees,  crosses,  bends,  and  other 
fittings  that  generate  and  trap  particles.  Use  manifolds 
wherever  possible  (References  19-221, 51-12,  453-1,  and 
V-158). 

d)  Eliminate  all  possible  close  fitting  dynamic  parts,  con¬ 
nections,  and  components  susceptible  to  obstruction 
(References  136-4  and  V-158). 

e)  Use  only  clean,  bagged,  and  sealed  components  to  as¬ 
semble  the  system.  I.ispect  the  bags  for  the  presence  of 
talc  or  other  plastic  extrusion  lubricants  (Reference 
V-168). 

f)  Minimize  vibration  and  shock,  particularly  around  fil¬ 
ters  (Reference  V-158). 

g)  Do  not  allow  flow  across  threaded  connections  to  go 
against  male  fittings  to  avoid  scrubbing  particles  out  of 
threaded  crevices  (Reference  V-168). 

h)  Flush  assembled  systems  whenever  possible  with  low 
viscosity  Altered  solvents  at  high  velocity  (Reference 
V-158). 

i)  Place  gaskets  or  seals  to  permit  minimum  contact  with 
the  bulk  of  the  working  fluid  (Reference  136-4). 

j)  Perform  assembly  and  disassembly  operations  in  en¬ 
vironmentally-controlled  areas  commensurate  with  the 
degree  of  cleanliness  in  the  components  being  used. 
Avoid  exposing  components  to  paints,  coatings,  and 
airborne  ducts  (Reference  136-4). 

k)  Avoid  the  ne?d  for  assembly  and  installation  of  fittings 
on  a  vessel  after  it  has  been  fabricated  and  cleaned 
(Reference  136-4). 

10.6.4.3  PROT2CTING  THE  SYSTEM  COMPONENTS. 
After  the  components  are  assembled  into  a  system,  the  only 
way  to  control  contamination  is  through  adequate  system 
filtration.  Proper  filtration  demands  ibat  close  attention  be 
paid  to  the  loc  ion  of  filters  and  their  filtering  character- 
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kites.  TIm  tMr  the  filtration,  the  higher  the  coot*  in  term* 
of  equipment,  pressure  drop*,  and  maintenance  require¬ 
ments.  TUnf«r«,  unnecessary  protection  may  b*  wasteful. 
TIm  following  paragraphs  list  th*  moot  common  rscom- 
HMadatUm*  for  protecting  th*  system  from  post-assembly 
eon*  uainatton : 

a)  Vsnt  tinos  should  have  breather  caps  with  adequate 
Altars,  and  .1)1  ports  should  have  strainers  <  References 
1-28, 1  St,  and  1-107). 

b)  Dual  Alters  are  recommended  to  provide  adequate  At¬ 
tention  durimi  service  and  to  provide  ease  of  removal 
f-> r  cleaning  and  maintenance  (Reference  188-4). 

c)  Provide  tor  proper  differential  pressure  during  service 
and  consider  pressure  fluctuations  due  t  j  temperatures 
(Reference  138-4). 

C)  Consider  the  addition  of  a  by-pass  system  foi  each  filter 
to  facilitate  service  and  testing  operations  (  Reference 
186-4). 

e)  Locate  Alters  upstream  of  servovalves  and  as  close  to 
them  as  possible  (Reference  6-1). 

f)  Ui  closed  circuit  designs  such  as  plug-in  nodules  or 
integrated  assemblies  so  dirt  cannot  enter  after  assem¬ 
bly  (References  6-1,  6-205,  23-33,  end  453-1). 

g)  Since  the  fastest  accumulation  of  contaminants  in 
recirculated  circuits  occurs  during  the  initial  run-in 
period,  when  leftover  dirt  and  wear  products  accumu¬ 
late.  the  first  replacement  of  filter  elements  should  be 
performed  at  an  earlier  time  than  planned  in  routine 
maintenance  (References  1-25,  1-26,  and  1-107). 

h)  Use  Altera  at  strategic  locations  in  the  system,  and 
provide  access  for  examination,  cleaning,  and  main¬ 
tenance  (Reference  136-4). 

The  following  specific  recommendations  for  filter  locations 
in  open  and  recirculating  systems  are  adapted  from  Refer¬ 
ence  V-158; 

a)  Open  ard  fluid  circuits: 

Place  fine  filter  at  last  possible  point  in  the  system. 
Place  a  Urge  sire  depth  niter  upstream  of  the  tine 
Alter. 

Conduct  fluid  directly  to  the  destination  without 
rehandling. 

Keep  design  simple  by  using  a  minimum  of  piping, 
fittings,  and  components. 

b)  Recirculating  Systems: 

Place  outlet  at  lowest  possible  point  o(  cone-shaped 
reservoir. 

Return  a.,  fluids  through  an  in-line  fine  filter. 

If  peek  flow  rates  are  too  high,  use  es  ‘ra  reservoir 
and  transfe-  later  through  A.,  filter  to  clean  res¬ 
ervoir. 

'Recirculate  contaminated  fluid  in  open  reservoirs 


at  high  flow  rates  f.  om  both  top  and  bottom  areas 
and  back  to  th*  leserveir  through  a  An*  filter. 

16.8.4.4  REMOVAL  OF  CONTAMINANTS.  Th*  basis  for 
optimum  removal  of  contaminants  lisa  in  planning  th*  Auid 
circuit  and  its  components  so  that  any  contaminant*  in  ths 
Auid  stream  are  continuously  being  pushed  toward  th*  Altor 
elements.  To  this  offset  fluid  flow  surfaces  should  be  as  flush 
as  possible  and  attention  should  bo  given  to  th*  maintatn- 
jbllity  of  filter  elements  as  well  as  maintenance  ached 
ules.  Other  pertinent  recommendations  concerning  optimum 
measures  and  aids  in  ths  removal  of  contaminants  an: 

a)  Avoid  bellows  and  spirals  since  they  are  hard  to  clean 
and  are  dirt  entrapment  area*  (Reference  V-168). 

b)  Design  out  all  possible  dead  ends  and  provide  bleed 
drains  for  those  remaining  (Reference  V-ltt) 

c)  Mount  accumulators  vertically  so  they  will  drain  down 
and  across  a  line  instead  of  at  a  dead  end  (References 
6-32  and  V-158). 

d)  Install  components  to  provide  a  maximum  accessibility 
to  facilitate  maintonar.ru  and  inspection.  Wherever  pos¬ 
sible  the  design  and  layout  should  be  aimed  at  a  one- 
man  service  operation  (Reference  51-12). 

e)  In  airborne  tankage,  provide  free  draining  structures ; 
baffles  and  supports  should  have  minimum  entrapment 
ai’ess  (Reference  136-4). 

f)  Vessels  and  other  reservoirs  in  recirculated  cystoma 
shoul  lave  tangential  return  lines,  to  keep  fluid  agi¬ 
tated,  and  sloping  bottoms  tapered  towards  the  main 
outlet  (Reference  6-32). 

g)  Install  drains  at  all  low  points  in  the  system  (Refer¬ 
ence  136-4). 

h)  All  systems  should  disassemble  in  sections  of  20  feet 
or  less  so  that  available  cleaning  tanks  may  be  used 
(Reference  136-4). 

i)  Design  systems  so  that  fluids  can  be  recirculated 
through  provisional  Alters  until  desired  r  intamination 
level  is  achieved  (Reference  136-4). 


10.6.5  Environments!  Factors 

The  component  designer  gene  ally  has  little  control  over  the 
environment  te  which  the  components  will  be  U3ed.  How¬ 
ever,  it  is  possible  to  anticipate  the  approximate  operating 
conditions  that  will  be  encountered — such  as  temperature, 
pressure,  gravity,  and  quality  of  the  ambient  atmosphere — 
and  design  with  them  in  mind.  Rust  and  corrosion  may  br 
prevented  by  anticipating  conditions  of  extended  storage 
or  inactivity.  Th  s  only  envir  nmetita!  control  that  the  de¬ 
ader  is  able  to  specify  ,s  having  the  components  assem¬ 
bled  and  installed  in  a  clean  room  or  a  clean  area. 
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10.6.6  Cwtroi  Methods 

Summarising,  there  are  four  methods  by  which  the  fluid 
component  designer  can  control  the  degrees  and  effects  of 
c  ntaminaticn  at  the  system  level.  All  four  approaches  can 
be  specified  objectively  and  are  within  the  exclusive  juris¬ 
diction  of  the  component  designer.  They  are* 

a)  Specify  the  maximum  sime.  amount,  and  type  of  con¬ 
taminants  that  can  be  tolerated  by  the  most  susceptible 
components. 

bi  Specify  the  type  and  sise  of  filter  that  will  protect  a 
gi.-vn  design  feature  of  a  crit*ca!  component. 

c )  Specify  the  finishes,  clearances,  materials,  and  fluids 
that  wil'  generate  the  leaat  amount  of  particles. 

d)  Specify  tl\e  maximum  cleanliness  that  must  be  achieved 
when  contaminants  are  removed  from  the  components 
by  means  of  specific  cleaning  procedures. 

Detailed  references  on  how  these  methods  may  he  developed 
have  been  presented  in  aub-eections  of  this  section,  particu¬ 
larly  Sub-bection  10.4  “Cleanliness  Requirements.” 
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11.1  INTRODUCTION 

Reliability  b  an  index  of  design  excellence  and  produet 
operational  integrity.  Reliability  is  defined  as  the  proba¬ 
bility  that  a  device  will  perform  a  specified  function  for  a 
given  period  of  time  under  given  environmental  conditions. 
The  current  trend  in  design  of  missile  and  space  vehicle 
systems  is  toward  higher  performance,  more  complexity, 
and  longer  periods  of  unattended  automatic  operation, 
thus  placing  an  ever-increasing  importance  on  high  relia¬ 
bility.  It  is  the  purpose  of  t!ds  auction  to  define  .e liability 
terminology,  present  some  basic  reliability  mathematical 
relationships,  and  give  the  fluid  component  designer  some 
practical  guideline*  for  reliable  design. 


11.2  RELIABILITY  DEFINITIONS  AND 
MATHEMATICS 

With  the  increasingly  important  role  Reliability  consider¬ 
ations  are  playing  in  aerospace  design,  it  is  important 
that  the  fluid  component  designer  have  some  knowledge 
of  the  basic  terms  and  fundamental  relationships  used  by 
the  reliability  engineer.  In  the  following  paragraphs  relia¬ 
bility  terms  are  defined  and,  where  applicable,  pertinent 
mathematical  relationships  sie  presented. 

11,2.1  Probability 

Probability  is  the  percentage  of  time  that  an  event  is  pre¬ 
dicted  to  occur,  relative  to  a  large  number  of  observations 
of  similar  events. 

!  1.2.2  Raliabiihy  lrx**x 

Ths  reliability  index  expresses  the  probability  that  a  part 
will  operate  without  failure  for  e  specified  7>eriod  of  time. 
Measured  on  a  0  to  1  scale,  tho  reliability  index  of  an  item 
may  have  any  value  from  0  (meaning  that  it  is  certain 
not  to  operate)  to  1  (meaning  that  tha  part  ia  certain  to 
operate  without  failure  vor  the  specified  time  period). 

11.2.3  Wear  Out  Failures 

Wear  out  failures  are  failuves  which  occur  ns  a  result  of 
normal  mechanical,  chemical,  or  electrical  degradation. 

11.2.4  Random  Failures 

Random  failures  are  failures  that  occur  before  wear  out 
and  are  not  predictable  or  associated  with  an/  pattern  of 
similar  failures.  However,  it  should  not  be  assumed  that 
the  cause  of  a  random  failure  cannot  be  found. 

11.2.5  Independent  Failure 

An  independent  failure  is  e  failure  of  a  device  which  is 
not  caused  by  concurrent  failure  of  another  device. 

11.2.6  Secondary  Failure 

Secondary  failure  is  the  failure  of  a  device  resulting  di¬ 
rectly  from  the  failure  of  another  device. 

11.2.7  Mean  Time  Between  Failure 

The  moan  time  between  failure  (MTBF)  is  the  average 
operating  time  or  number  of  cycles  of  a  part,  determined 


by  adding  the  individual  In-service  operating  timet,  num¬ 
ber  of  cycles,  and  dividing  by  the  total  number  of  times 
the  pert  Is  put  into  service  after  repair.  Where  a  number 
of  different  parts  of  the  same  design  are  used  for  generat¬ 
ing  data,  the  mean  time  between  failure  ia  the  average 
operating  time  before  failure  of  all  parts  undar  considera¬ 
tion.  Reliability  and  mean  time  between  failure  values  are 
related  by  the  following  aquation : 


where 


t 

R  =  e  “ 


(Iff  11.2.7) 


R  —  reliability 

m  —  mean  time  between  failure  (mean  number 
of  cycles  between  failure) 
t  —  ‘.rdivldual  operating  time  (number  of 
cycles) 

e  ■“  constant  —  2.718 


If  the  mean  time  between  the  failure  for  a  part  has  bean 
determined  to  be  one  hour,  end  it  is  desired  to  determine 
the  reliability  c’  this  part  based  on  this  date  for  one 
hour,  the  reliability  R  "  2.7181'’  “  0.868.  This  means  that 
the  part  could  be  expected  to  operate  completely  and  suc¬ 
cessfully  throughout  the  one  hour  only  S7  times  out  of  100 
times  attempted.  To  increase  reliability,  either  the  indi¬ 
vidual  operating  time,  t,  must  be  shortened  or  the  mean 
time  between  failure  must  be  increased. 


11.2.8  Maan  Tim*  to  Failure 

Mean  time  to  failure  (MTTF)  is  an  alternate  means  of 
expressing  MTBF. 

11.2.9  Failum  Rata 

The  failure  rate  is  a  measure  nf  the  probable  number  of 
times  that  a  given  component  will  fall  during  a  given  time 
period  of  operation.  Failure  rate,  X,  is  often  expressed  as 
failures  per  million  hours. 


where 


A  ~ 


in 


(Eq  11.2.9a) 


X  =  failure  rate,  failures/hour 
m  —  mean  time  between  failure,  hours 


Reliability  eXpinsiH»eu  as  a  function  of  failure  rate 


R  =  eXi  (Eq  11.2.9h) 


where  R  =  reliability 

u  =  constant  =  2.718 
X  =  failure  rate,  failures/ hour 
t  --  operating  time,  hours 


11.2.10  Confidence  Level 

Confidence  level  is  the  certainty  with  which  conclusions 
can  be  drawn  from  a  given  group  of  data.  For  example, 
at  a  95  percent  confidence  level  the  conclusions  drawn  will 
be  in  error  5  percent  of  the  ;ime,  or  an  averaged  one  in 
twenty.  To  demonstrate  a  given  reliability  (the  conclusion) 
the  higher  the  confidence  tevcl  selected,  the  greater  muai 
be  the  number  of  tests,  as  indicated  by  confidence  level 
table* 
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11.2.11  Cenfktanc*  Limits 

Confidence  limit*  nr*  Um  computed  upper  and  lower  limit* 
of  the  deeired  value  of  a  physical  quantity  (o.g.,  failure 
rate!  for  a  specified  confidence  level;  that  is,  the  true 
value  of  a  phyaical  quantity  or  a  parameter  which  can  be 
stated  as  falling  between  upper  and  lower  limits  with  a 
certain  level  of  confidence  as  determined  by  the  sample 
sise.  The  closer  these  limits  are,  the  lower  the  confidence 
level  for  a  fixed  sample  sise,  or  nunber  of  teste.  Con¬ 
versely.  more  tests  are  needed  as  the  specified  confidence 
limits  are  narrowed  to  main'-uln  a  given  confidence  level. 
The  upper  confidence  limit  is  used  to  determine  a  reliabil¬ 
ity  index  where  the  confidence  limtt  is  expressed  as  failure 
rate  in  percent,  or  in  number  of  failures  per  100  teats. 
For  example,  if  actual  test  data  shows  S  failures  (u  100 
tests,  the  lower  and  upper  confidence  limits  can  statisti¬ 
cally  be  shovn  to  be  3  and  9  percent  failure  rate,  respec¬ 
tively,  at  a  confidence  level  of  80  percent  over  the  interval. 
This  states  that  on  the  average,  80  percent  of  the  time  a 
sample  of  100  teste  will  have  no  failures  equal  to  or 
greater  than  9,  and  no  failures  equal  to  or  less  than  8.  To 
express  the  came  information  in  terms  of  reliability,  only 
the  upper  confidence  limit  is  used.  This  states  that  there 
will  be  no  failures  equal  to  or  greater  than  9  percent,  or 
a  reliability  of  at  least  91  percent.  When  only  a  single 
confidence  limit  (higher  limit  for  reliability)  or  singula' 
limit  is  used,  the  confidence  level  is  higher  by  one-half  the 
difference  between  the  confidence  interval  confidence  level 
and  100  percent.  Therefore,  in  the  example  cited,  the  re- 

100-80 

liability  in  91  percent  with  on  80  4- — — -  =  90  percent 
confidence  level. 

11.2.12  Confidanca  Interval 

The  confidence  interval  is  the  interval  determined  by  the 
upper  and  lower  confidence  limits.  In  the  example  cited 
in  Sub-Topic  11.2.11,  the  confidence  interval  is  0.08  to  0.09. 

11.2.13  Sarias  Configurations 

If  items  are  arranged  to  perform  their  functions  in  a  con¬ 
figuration  such  that  failure  of  any  one  item  results  in 
failuie  of  the  configuration,  then  the  configuration  is  said 
to  be  s  series  configuration.  The  reliability  of  s  series 
configuration  is  equal  to  the  product  of  the  separate  relia¬ 
bilities  of  the  components. 

(Eq  11.2.13) 

R,  =  R,  X  R.  X  R,  X  ...  Rn 

where  R,  —  reliability  of  series  configurations 
R.  =  reliability  of  nth  component 

11.2.14  Parallel  Configurations  (Redundancy) 

A  parallel  or  redundant  system  is  one  in  which  multiple 
devices,  structural  elements,  parts,  or  mechanisms  ate  em¬ 
ployed  in  combination  for  the  purpose  of  increasing  the 
reliability  >f  a  particular  function  or  operation.  In  a 
parallel  system,  when  one  item  fails  all  or  any  one  of  the 
remaining  items  =re  caoable  of  continuous  operation  and 


accomplishing  their  functions.  For  a  parallel  system  of 
n  components,  tha  system  reliability  ia 

(Eq  11.2.14) 

RP  =  1  (1-R,)(1-R,)  .  .  .  (1  — R„) 

where  R,  —  reliability  of  parallal  system 
R.  —  reliability  of  nth  component 

Redundancy  in  .luid  systems  can  ha  achieved  either  by  re¬ 
dundant  components  in  a  common  housing  or  as  separate 
units.  A  redundant  shutoff  valve  system  is  illustrated  sche¬ 
matically  in  Figure  11.8.14.  This  combination  series  and 
parallal  arrangement,  known  as  a  quad  valve,  provides  a 
eystem  whereby  any  one  of  the  four  valves  can  fall  either 
open  or  cloeed  without  causing  a  system  failure.  See  Sub- 
Topic  11.8.11  for  further  diacusaion  of  redundancy  In  fluid 
component  design. 


Figure  11.2.14  Quad  Shutoff  Vatva  Arrangement 


11.2.15  Frequency  Distribrtion 

Frequency  distribution,  also  called  nrobability  density 
function,  describes  thx  spread  of  characteristic  values  for 
a  given  set  of  statistical  data.  Some  of  the  more  common 
mathematically  described  frequency  distributions  include 
Gaussian  (normal),  exponential,  Weibull,  Gamtaa,  and  Log- 
normal. 

11.2.16  Normal  or  Gaussian  Frequency  Distribution 

A  normal  distribution  shows  a  centra)  tendency  of  values 
(measurements)  at  which  point  (mean  value)  the  largest 
frequency  of  occurrences  is  observed.  The  normal  curve  is 
characteristically  bell  shaped  (Figuro  11.2.16)  having  equal 
areas  an  either  side  of  the  center  value.  Many  processes 
have  been  discovered  by  measurement  to  follow  a  normal 
distribution.  This  is  the  distribution  which  is  usually  as¬ 
sumed  by  most  statisticians  when  the  true  distribution  of 
values  is  unknown.  The  curve  has  equal  areas  on  either 
side  of  the  center  or  mean  value  p.  Characteristic  values 
found  other  than  at  the  center  or  mean  value  are  said  to  be 
scattered  or  diverse  values.  Such  values  are  also  called 
deviations  from  the  center  value.  It  is  from  this  word  that 
the  phrase  “standard  deviation,”  so  frequently  used  in  sta¬ 
tistical  mathematics,  is  derived.  The  area  under  the  curve 
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Figure  11 -2.  IS.  Normal  Froquency  Pistri  button 


It  a  function  of  ths  standard  deviation,  #,  and  ia  indicated  in 
Figure  11.8.16.  The  area  under  a  normal  cum  between  ±  1 
standard  deviations  is  68  percent  of  the  total  area  under 
the  cum.  For  ±  8  standard  deviations  it  is  96.5  percent, 
and  for  ±  3  standard  deviations  it  is  99.7  percent.  The  equa¬ 
tion  for  the  normal  distribution  curve  is 


(Eq  11X16) 

y  =  77sr*^ 

where  y  —  frequency  of  occurrence 
x  **’  measurement  value 
#  ”*  standard  d  aviation 
s  “  mean  value 

li.2.17  Universe  (Population)  and  Sample 
In  handling  statistical  data,  a  distinction  is  made  between 
the  universe — or  tha  entire  population  of  possible  measure- 
mentu  —  and  the  limited  sample  measurements  normally 
available.  The  larger  the  sample  s<xa,  the  more  closely  the 
sample  mean  and  standard  deviations  (Jt  ar.d  S)  approxi¬ 
mate  the  con nspondlng  univeroe  values  (a  and  v) .  The  fol¬ 
lowing  definitions  apply  to  an  antirs  population  of  data: 

a)  a  “  mean  of  population.  Tha  sample  mean  X  is  used  to 
denote  the  beet  estimate  cf  a- 

b)  v  —  standard  deviation  of  population.  The  sample 
standard  deviation,  S,  denotes  an  estimate  of  «. 

c)  •*  »'  variance  of  population.  S'  is  the  best  ssUraate  of 

V*. 

H.2.18  Standard  Deviation  (S) 

The  standard  deviation  of  a  sample  provides  s  measure  of 
tho  amount  of  dispersion  or  scatter  about  a  typical  (mean 
or  ever  ago)  value.  The  standard  deviation  Indicates  the 


general  shape  of  tho  distribution  cum  (Figure  11X16) 
by  describing  how  the  area  undar  tha  cum  ia  distributed 
about  tho  moan.  A  small  value  of  standard  deviation  Indi¬ 
cates  a  tali  slander  curve,  whereas  a  targe  value  standard 
deviation  Indicates  a  short,  spreadout  cum.  Tha  seraph 
standard  deviation  Is  expressed  mathematically  an  follows: 

S  -  <*q  11X18) 

where  8  —  standard  deviation 

X  —  individual  value  in  tho  sample 

X  “  mean  valua  of  tho  sample 

N  »  number  of  measurements  (sample  else) 

11.2.19  Mean 

The  mean  ia  the  value  .  bout  v=iiich  the  greatest  concentra¬ 
tion  of  data  occurs.  Tho  moan  of  tho  sample  is  the  arith¬ 
metic  average  expressed  as  follows: 

X  =  (*t 11*2.1*) 

where  X  “  moan  valua 

X  —  individual  value 

N  —  number  of  measurements  (sample  siae) 

11.2  20  Ranga 

Tha  range  is  the  difference  between  the  maximum  and  mini¬ 
mum  measured  values. 

12.2.21  Variant* 

The  variance  of  the  sample  is  define.,  as  the  square  of  the 
standard  deviation  (S*). 

11.2.22  Example— Determining  Range,  Mean, 
Variance,  and  Standard  Deviation 

The  measurements — mean,  range,  variance,  nnd  standard 
deviation  —  used  to  characterise  tha  frequency  distribution 
of  statistical  data  am  shown  in  the  following  example: 

A  life  cycle  test  program  on  a  particular  valve  design  re¬ 
sulted  in  cycle  to  fsilt're  data  on  26  parte  as  fotloww: 


Cycle  to 
Failure  (X) 

Number  of 
Parted) 

fX 

X-X 

(F-X)’ 

f(X-X)* 

82  (81.6  -  82.5) 

1 

82 

— d 

S 

9 

88  (82.6  -  83.5) 

2 

166 

—2 

4 

8 

84  (8S.6  -  84.5) 

5 

420 

-1 

1 

5 

85  (64.6  -  85.5) 

10 

850 

0 

0 

0 

86  (85.6  -  86.5) 

5 

430 

+1 

1 

5 

87  (86.6  -  87.5) 

2 

174 

+2 

4 

8 

88  (87.4-86  5) 

1 

88 

+8 

9 

9 

N  (Total 

2fX- 

2f{X-X)*» 

Measure- 

2210 

44 

ments) 

—  26 
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TH»  mump,  MU.  variaaca,  and  standard  deviation  as  de- 
hmtiuad  frn»  the  data  shown  above  are: 

Baago,  1-  M  W  ~  « 

Msaa,  X  -  —  M  (bstaatimateof  *) 

Variance  &  -  - j ~  ’.?fl 

Standard  Deviation,  3  —  1.S3  cycles  (bast  estimate  of  #) 

Tits  sample  distribution  is  shown  graphically  by  plotting 
a  histogram  (Figure  ll.SJtt) 


evens  TO  fAUUM 


Flgurt  11.2.23.  Histogram  of  a  Sample  Distribution 


12.3  DESIGNING  FOR  RELIABILITY 

Major  considerations  in  achieving  reliability  if  fluid  com¬ 
ponents  are  adequate  specifications,  good  desig  i,  adequate 
inspection  of  materials  and  components,  and  adequate  test- 
'ng-  Some  of  the  Important  design  considerations  influenc¬ 
ing  reliability  are  given  below. 

1 1.3.1  Sstact  Reliability  Goals  Appropriate 
te  ttw  System 

When  reliability  requirements  are  high,  the  designer  must 
put  greater  emphasis  on  these  requirements  as  he  considers 
other  design  factors  Mt>?h  as  weight,  cost,  ease  of  fabrica¬ 
tion,  and  testing  costs. 

1 1.3.2  Dssign  for  Simplicity 

The  designer  should  u.tvinpt  to  minimise  The  number  of 
parte,  avoid  moving  parts,  avoid  delicate  mechanisms,  and 
avoid  close  clearance  sliding  fits. 

1 1.3.3  Design  for  Component  Assemoiy 
and  Installation 

Common  fluid  component  problems  such  as  ove  '-torquing 
and  reversal  uf  both  electrical  and  fluid  connections  can  be 


greatly  minimised  by  careful  Assign  and  clear  and  distinct 
markings.  One  gem'  way  to  protect  a  design  against  human 
arror  is  to  design  for  oae-waj  assembly  and  installation. 
Another  way  is  to  dntgu  a  part,  such  as  a  seal,  bo  that  it 
can  ha  installed  correctly  In  more  than  one  way. 

11.3.4  Design  for  MsHitonanco 

Components  should  be  designed  for  easy  maintenance  when 
maintenance  requtr».uenU  are  involved.  There  should  be 
a  minimum  need  for  maintenance  trainitqr  and  judgment 
by  maintantnee  personnel.  Maintenance  >rocedures  should 
be  carefully  and  properly  specified. 

11.3.3  Dosign  for  Contamination  Tetorttnce 

Since  a  certain  amou.it  of  fluid  contamination  ia  inevitable, 
a  primary  consideration  should  be  given  to  designing  a 
c<  mponont  which  will  tolerate  a  reasonable  amount  of  con¬ 
tamination,  rather  than  trying  to  eliminate  all  contami¬ 
nants  through  excessive  filtration. 

11.3.6  DutJgn  for  Minimising  Contaminttion 
Gsnonrtion 

The  effect!  of  surface  finishes  and  seal  tad  packing  mate¬ 
rials  on  tbs  contamination  level  in  a  system  should  be  care¬ 
fully  considers  1.  Improper  surface  finishes  combined  with 
shreddabls  packing  in  missile  system  shutoff  valves,  have 
resulted  in  serious  contamination  problems  from  wsrkirc 
migration. 

11.3.7  Um  Provsn  Designs 

Items  which  Lave  been  in  quantity  production  are  usually 
more  reliable  taar  new  items  which  have  been  especially 
developed  for  a  component  or  system.  Novel  design  ap¬ 
proaches  should  generally  be  avoided  in  favor  of  proven 
concept!.  This  is  particularly  true,  in  the  design  of  modules 
such  as  springs,  bearings,  etc.  It  should  be  pointed  out, 
however,  that  a  proven  design  may  not  always  adequately 
meet  the  requirements  and  in  such  cases  new  designs  are 
perfectly  justified. 

11.3.$  Design  for  Safety 

The  components  should  be  designed  ao  that  failure  will 
cause  a  minimum  of  impairment  to  systjm  opei  ition  and 
wilt  minimise  personnel  hazards.  Kail-safe  fe^tur  s  should 
be  employed  such  that  loss  of  power  will  not  pr  sent  an 
unsafe  condition.  Safety  considerations  often  die  it©  the 
use  of  valve  designs  that  will  automatically  <:los>  in  the 
event  of  actuator  or  power  failure. 

11.3.9  Dssig  1  for  Environmental  Extremes 

The  designer  should  consider  the  worst  possible  chemical 
and  physical  effects  that  could  result  from  the  environ¬ 
mental  extremes  to  which  the  components  must  be  exposed. 

1 1.3.1C  Design  Modules  with  Liberal  Stress 
and  Load  Margins 

The  designer  should  apply  adequate  safety  factors  and 
utilise  performance  derating  to  extend  service  life  and  in¬ 
crease  reliability  of  component  parts  (modules)  such  as 
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i|irli|i,  baltowi,  Wwiitii,  k«rii|t,  «tc.  VtesI  ^risrt.  for 
IihUrm,  ikooU  bo  to  cparuto  at  20  poreoat  of 

tko  normal  Met  sti«M  fuc  the  matorlal. 

11.3.11  Pnolfn  Compowont*  wHh  Ufrfki 

System  reliability  can  bo  lacroaatd  by  using  components 
which  hiw  Hboml  perfo.-manco  margins.  Vhu»,  tu.-ccwful 
systems  porfbimaaea  eta  bo  attained  in  spite  of  failure  of 
a  component  to  root  Assign  raquinmwnts  completely.  Some 
exam  plea  indicating  how  reliability  can  be  improved  by 
designing  com pot teats  with  increased  performance  ma.-gi  is 
arc; 

a'  Provide  actuator  force  margins  rich  that  failure  ef 
an  actuator  to  develop  its  design  force  still  gives  ade¬ 
quate  force  to  actuate  the  valve. 

b)  Siee  components  large  enough  so  that  partial  opening 
of  a  valve  or  blockage  of  a  flow  passage  still  provides 
sufficient  flow. 

c)  Dooign  regulators  and  relief  valves  to  operate  with 
narrower  regulation  or  crack  and  reseat  bands  then 
required  by  the  system,  so  that  failure  to  meet  com¬ 
ponent  design  requirements  still  fulfills  the  system  ob¬ 
jective. 

It  is  important  to  note  chat  this  general  approach  to  in¬ 
creasing  system  reliability  can  easily  result  in  unreliability 
if  not  used  with  discretion.  Tightening  of  des'gn  require¬ 
ments  cannot  be  done  arbitrarily,  as  the  r«"!t  may  be  a 
component  so  complex  that  its  inherent  reliability  is  con¬ 
siderably  lower  than  a  simpler  component  which  just  meets 
system  performance  requirements.  The  use  of  liberal  per¬ 
formance  margins  should  be  employed  only  when  apparent 
system  reliability  gains  are  not  offset  by  added  compon  nt 
design  complexity. 

11.3.12  Dosign  for  Redundancy 

Redundancy,  as  defined  in  Sub-Topic  11.2.14,  is  s  common 
technique  for  increasing  component  and  system  reliability. 
A  good  example  of  redundancy  in  fluid  component  design 
is  tl.e  use  of  primary  and  secondary  seals  in  both,  static  and 
dynamic  applications  so  that  ieakiKS  through  the  primary 
leal  ij  u.opped  by  the  secondary  or  backup  seal.  The  second¬ 
ary  seel  is  <nnec«*sc  ~y  as  long  at  the  primary  seal  is  func¬ 
tioning  properly,  but  in  the  evet.t  of  primary  seal  failure, 
the  redundant  or  secondary  seal  increases  the  probability 
of  successful  operation  of  the  component  and  its  associated 
system.  Redundancy  in  design  must  be  used  with  great  care, 
sin"  it  is  possible  to  decrease  reliability  through  improper 
use  u-  redundant  design  techniques.  The  theoretical  gain  in 
reliability  a?hieved  by  redundant  design  must  be  carefully 
weighed  against  such  factors  a*  increased  cost,  increased 
wei;  St,  and  added  over-all  complexity.  Increased  complex¬ 
ity  alone  could  potentially  offset  the  theoretical  gain  in  re¬ 
liability  achieved  by  the  use  of  redundant  design. 

11.4  RELIABILITY  DESIGN  REVIEW 

The  reliability  of  the  final  product  can  he  greatly  improved 
by  a  systematic  design  review  program.  Some  of  the  ques¬ 


tions  that  should  bo  asked  about  a  fluid  component  <  reign 
an: 

12.4.1  Btflrtafi 

Are  bearlnjs  protected  from  corrosion  and  f  iling  due  <o 
dirt,  moisture,  and  inefficient  lubricants  1  Are  bearing  i  pro 
tected  froir.  brineiling  due  to  vibration,  shock,  or  soft  ;nn,c 
rials?  Ac,*  beatings  adequately  protected  against  tic  nd 
verse  effects  of  vacuum  exposure* 

11.4.2  Fitter* 

Are  Integral  Alters  used  to  protect  ,he  sensitive  •' aments 
of  a  component  from  contamination  ’allure?  Do  filteis  have 
■uflicient  dirt-holding  capability? 

11.4.3  Mechanical  Linkhgts 

Are  actuated  surfaces  end  arms  protected  iron*  over  .t  nvcl  ? 
Have  lubrication  requirements  for  linkages  be*  a  kep  to  i. 
minimum? 

11.4.4  Seals 

A>e  bolt  torque  requirements  specified  on  the  asumbiy 
drawings?  Are  locking  devices  provided?  If  lock  w  re  is 
used,  its  length  should  be  kept  to  an  absolute  mini  mini. 
Can  O-ringa  and  seals  be  installed  easily  v'thout  be'ng  cut 
by  sharp  edges,  resulting  in  seal  damage  and  subsequent 
leakage? 

11.4.5  FKw  Pa  sagas 

Are  there  flow  passages  small  enough  to  become  clogged 
with  contaminants? 

11.4.6  Fastenars 

Do  all  fajtencd  assemblies  contain  adequate  locking  I.  vices 
and/or  possess  practical,  but  effective,  torquing  r ‘inure 
ments?  Are  all  fasteners  (nuts,  bolts,  etc.)  easily  awe  isjikle 
to  maintenance  personnel? 

11.4.7  Corrosion 

Are  there  water  or  liquid  traps  formed  bv  bracket!,  etc.? 
Is  the  component  splash-proof,  water-proof,  ice-pro  >1 ,  and 
salt  spray-proof?  Are  there  dissimilar  melnl  shims,  f  t'.ings, 
or  miscellaneous  hardware  :r  intimate  contact?  A  <  lock 
washers  of  the  type  that  break  through  protected  dims? 

Uaw«  nil  *nat>na!nM  *\«u\nn  niivFnnnn  Kaam  ntanfAAkn.l  9 
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1 1.4.8  Maintenance 

Are  ail  lines,  devices,  etc.  designed  so  they  cannot  V  used 
as  handles,  steps,  or  seats?  Will  all  routine  main' enu in v 
points,  drains,  etc  ,  be  accessible  after  installation  Have 
parts  been  designed  so  they  cannot  be  assembled  incor¬ 
rectly?  Has  the  number  of  special  tools  been  kept  to  a 
minimum? 

11.4.9  Vibration 

A-e  there  cantilevered  parts,  brackets,  arms,  or  1  nlcnges 
which  will  vibrate?  How  close  are  resonant  frequenc  rs  to 
ths  environmental  imposed  spectrum?  Can  damjirg  be 
added  if  vibration  problems  are  encountered? 

11.4.10  Raid  Fittings 

Are  the  number  of  fittings  in  external  lines  kept  to  a  mini¬ 
mum  to  reduce  the  number  of  leakage  points? 


ISSUES:  MAY  l»6« 


.1.4  -1 


OCVQN  REVIEW 


RELIABILITY 


J  1.4.12  Materials 

In  th«  selection  of  materials,  have  the  following  been  in¬ 
vestigated:  weldability,  machineability,  formaoility,  fluid 
compatibility,  heat-treat  distortion,  heat-treat  contamina¬ 
tion,  coot,  and  availability?  Have  materials,  heat  treat¬ 
ments,  and  stress  levels  been  considered  in  terms  of  possible 
•ire**  corrosion  effects?  Has  the  effect  of  creep  been  deter¬ 
mined?  Has  material  fatigue  been  determined  end  provided 
for?  Havr  the  effects  of  elevated  and  low  temperature  serv¬ 
ice  upon  tfe  matetiai  been  determined?  Have  the  effects  of 
thermal  gradients  i*een  considered? 

11.4.22  Manufacturing 

Are  tolerances  so  excessively  stringent  that  the  shop  will 
not  be  able  to  fabricate  within  these  tolerances  without  ex¬ 
cessive  cost?  Are  the  capabilities  of  the  manufacturing 
equipment  and  facilities  within  the  requirements?  Have 
critical  dimensions  and  prapeities  been  designated  on  the 


drawings  for  special  attention  during  the  manufacturing 
and  inspection  process?  Has  ths  propsr  heat  treatment  been 
specified  on  the  drawings  for  wch  material  heat  number? 
Have  parts  and  subassemblies  been  adequately  identified? 
Has  the  cleaning  method  been  specified?  Hare  allowable 
torques  been  specified  on  the  drawing?  Fave  distort)  >n  and 
buckling  as  a  result  of  fabrication  processes  been  consid¬ 
ered?  Are  all  fillet  radii  as  large  an  possible?  Have  steps 
been  taken  to  eliminate  the  possibility  of  burrs  from  ma¬ 
chining  which  could  break  loose  during  operation  and  cut 
seals  or  cause  clogging  of  the  system? 
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FLUIDS 

12.2.3r.  Prop jr ties  of  Water 

12.2.3b.  Properties  of  MIL-li-5606,  Hydraulic  Fluid 

(Red  Oil),  Mineral  Oil  Base,  Hydrocarbon 

12  3.3c.  Properties  of  MIL-L-780S  Hydraulic  Fluid/ 

Lubricant,  Synthetic  Dirster 

12.2.3d.  Properties  of  M1L-H-8446B  Hydraulic  Fluid 

(Oronite  8315).  Synthetic  Silicate  Ester  and 
Dierter 

12.2.4  PROPERTIES  OF  GASES 

12  2.4a.  Properties  of  Ai- 

12.2.4b.  Properties  of  Gaseous  Helium  (GHe),  He 

12.2.4c.  Properties  of  Gaseous  Hydrogen  (GH2) 
(NorimS-Hydrogen),  H: 

12  2  43  Properii*-*  of  Gaseous  Nitrogen  (GN2 )  N2 

1 2.2.4c.  Properties  of  Gaseous  Oxygen  (G0_ ),  02 

12.3.1  PROPERTIES  Oir  POLYMERS 

12.3.1.  General  Properties  of  Elastomirs 

12.3.2.  General  Properties  of  Plastics 

12.4. 1  PROPERTIES  OF  FERROUS  METALS 

12.4.1s.  properties  of  Age  Jlardenable  Stainless  -Steels 
(Specific  Materia!  Types:  Stainless  W,  17-4  PH, 
17-7  PH,  PH  15-7Mo,  AM  350,  AM  3*5) 

12.4.1b.  Properties  of  Alioy  Steels  —  Hardening  Grades, 
Wrought  (Specific  Material  Types:  4130,  3140, 
4140, 4340, 8650,  4150,  8740) 

12.4.1c.  Properties  of  Austenitic  Stainless  Steels. 

Wrought  (Specific  Material  Types:  201,  202, 
301.  303,  ?04,  304 L,  305,  309,  309S,  310, 
310S,  316,  316L,  316ELC,  321.  347) 

12.4.  Id.  iYoperties  of  Carbon  Steels  —  Hardening  Grades 

(Specific  Material  Types:  01039,  C1040, 
C1050,  Cl 069,  Cl 080,  0095,  0137,  0141, 
0144) 

12  Lie.  Properties  of  Ferritic  Stainless  Steels,  Wrought 
(Specific  Material  Types:  405,  430,  530F,  446) 

12.4.  it.  Properties  of  High  Temperruie  Steels,  Wrought 
(Specific  Material  Types;  Martensitic  Stainless, 


42,  1420WM,  1415NW,  1430MV,  Low  Alioy, 
Chromalloy,  17-2  AS) 

12.4. If.  Properties  of  Iron  Has?  Superalloys  (Cr-Ni), 
Wrought  (Specific  Material  Types.  19-9  DL,  Uni- 
temp  212,  W545,  Discaloy,  D-979,  A-286,  V-57, 
16-25-6,  Incolcy  901) 

12.4. lh.  Properties  of  Iron  Base  Superalloys  (Cr-Ni-Co), 
Cast,  Wrought  (Specific  Material  Types:  Muiii- 
met,  N-155,  Refractaioy  26,  S-590) 

12.4.1i.  Properties  of  Mai'ensitic  Stunless  Steels, 

Wrought  (Specific  Material  Types:  403,  410, 
414  416,  420,  431,  441rA,  440B,  440C  501, 
,-.C2) 

12.4.1) .  Properties  of  Ultra  High  Strength  Steels, 

Wrought  (Specific  Material  Types:  Modified 
H-ll,  MX-2,  300-M,  C  6 A,  4340,  25NI,  20Ni. 
18-Ni)  Vascojet  1000,  Unirnach  1 

12.4.2  PROPERTIES  OF  NQNFERROU5  METALS 

12.4.2a.  Properties  of  Aluminum  and  Its  Alloys,  Cast 
(Specific  Material  Types:  108,  A108,  40E) 

12.4.2b.  Properties  of  Aluminum  and  Its  Alloys,  Cast 
(Specific  Material  Typer:  355,  C355,  356, 
A356,  327) 

12.4.2c.  Properties  of  Aluminum  and  Its  Alloys, 

Wrought  (Specific  Material  Types:  5052,  5056, 
5083, 508$,  6454, 6061) 

12.4.2d.  Properties  of  Aluminum  and  Its  Alloys, 

Wrought  (Specific  Material  Types:  2914,  2024, 
219  7075,7079,7178) 

£2.4.2e.  Properties  of  Aluminum  and  Its  Alloys, 

Wrougl  (Specific  Materiel  Types:  1060,  1100, 
3903,  3004) 

12.4.2'.  Properties  of  Beryllium  Copper,  Wrought 

12.4.2g.  Properties  of  Cobalt  Base  Super  Alloys,  Cast, 

Wrought  (Specific  Material  Types:  HS-21, 
HS-31,  X-40,  NIVCO,  J1650,  SM  302,  HS  151, 
WI  52) 

12.4.2b.  Properties  of  Cobalt  Base  Super  Alloys, 

Wrought  (Specific  Material  Types:  S-186,  V-36, 
Haynes  Alloy  25,  L-635) 

12.4.2L  Properties  of  Magnesium  Alloys,  Wrought 

(Specific  Material  Types:  AZ31B-F,  AZ61A-F, 
AZ80A-T5,  ZX60A-T5,  (P)ZK60B-T6, 

KZ21A-F,  ZE10AH24,  AZ313-H24. 

HK31 A-H24,  HM21A-T8,  HM31A-T5) 

12.4.2) .  Properties  of  Molybdenum  and  Its  Alloys 

Wrought  (Specific  Material  Types:  Molyb¬ 
denum,  Me. 0.5  Ti,  TZM) 
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12.4.2k. 


12.4.2L 


12.4.2m. 


12.4.2n. 


TABLES  (Continued) 


Properties  of  N'cxel  and  Its  Alloys, 

Cast  (Specific  Material  Types:  Nickel  210 
(Nickel),  Inconel  610  (Inconel),  Inconel 
705  (S  Inconel),  Monel  411  (Mone.).  and 
Monel  505  (S  Monel) 

Properties  of  Nickel  and  Its  Alloys, 
Wrought  (Specific  Material  Types: 

Nickel  200  (A  Nickel)  and  201  (Nickel), 
Duranickel  301  (Duranickel),  Monel  400 
(Monel),  Monel  K-500  (K  Monel) 

Prrperties  of  Nickel  Base  Super  Alloys, 
Cast,  Wrought  (Specific  Material  Types: 
Inconel  X-750,  713,  and  700;  Inco  718; 
Hastelloy  B,  C,  ard  X;  Udimet  500  and 
700;  Waspaloy,  Nicrotung;  Rene  41; 
Unitemp  1753,  M252, 1N-1C0) 

Properties  of  Oxygen-Free  Copper  (99.95 
Percent  Copper),  Wrought 


12.4.2o.  Properties  of  Titanium  and  Its  Alloys 
(Specific  MaterialTypes:  Unalloyed, 
5Al-2-SZn,  3Al-5Sn-5Zr  8AI-IM0-IV, 
7Al-4Mo,  6Al-6V-2Sn,  6A1-4V, 
2Fe-2Cr-2Mo,  8Mn:  13V-llCr-3Al) 

12.4. "p  Properties  of  Gold,  Unalloyed,  Wrought 

12.4. 2q.  Properties  of  Platinum,  Unalloyed, 
Wrought 

12.4. 2r.  Properties  of  Silver,  Unalloyed,  Wrought 

12.6  PERMEABILITY 

12.6a.  Permeability  of  Metals  to  Gases  at  77°F 

12.6b.  Peimeability  of  Polymeric  Materials  to 
Gases  at  77*F 

12.6c.  Permeability  of  Polymeric  Materials  to 
Water  at  77°F 

12.7  FRICTION  COEFFICIENTS 

12.7.  Static  and  Kinetic  Friction  Coefficients 


12.1  INTRODUCTION 

The  purpose  of  the  Materials  Section  is  to  provide  general 
data  on  metals,  nonmetals,  liquids,  and  gases  typical  to 
rocket  propulsion  systems  and  components.  Since  extensive 
treatment  is  given  to  these  subjects  in  readily  available 
literature  of  extensive  volume,  most  of  the  data  presented 
reflects  general  trends  and  is  intended  only  for  the  purpose 
of  general  design  calculations.  References  are  provided  on 
sources  of  detailed  materials  data,  and  it  is  recommended 
that  the  reader  make  use  of  those  data  sources  whenever 
possible  in  order  to  insure  that  he  has  the  best  possible 
understanding  of  the  accuracy  for  t..e  materials  property 
variable  in  his  engineering  calculation.  This  section  is 
divided  into  subsections  covering  properties  of  fluids,  in¬ 
cluding  both  liquids  and  gases;  properties  of  polymers,  in¬ 
cluding  plastic  and  elastomeric  materials;  properties  of 
metals;  the  chemical  "orrpatibility  of  materials  with  rocket 
propellants;  and  permeability  data  and  friction  coefficients. 
It  is  intended  that  additional  ^ata  will  be  included  as  it 
becomes  available,  hence  there  are  blank  spaces  in  the 
various  tables  which  reflect  data  that  is  currently  being 
sought. 

Following  is  an  outline  of  other  materials  data  which  have 
beer,  included  elsewhere  in  the  handbook  in  support  of 
specific  subjects: 

Section  2.0,  Heat  Transfer  —  Thermal  conductivity, 
emissivity,  and  absorptivity  data  for  use  in  heat  trans¬ 
fer  calculations. 

Section  3.0,  Fluid  Mechanics  —  Density,  viscosity, 
specific  heat,  bulk  modulus,  vapor  pressure,  and  sonic 
velocity  data  for  various  flu'ds  for  fluid  flow  calcula¬ 
tions. 

Section  6.0,  Modules  —  Mechanical  properties,  com¬ 
patibility,  and  friction  coefficient  data  related  to  the 
design  of  various  modules. 

Section  13.0,  Environments  —  Properties  related  to 
environmental  analysis  such  as  ozone  resistance, 


ISSUED:  FEBRUARY  1970 
SUPERSEDES:  MARCH  1967 


oxidation  rate,  creep  strength,  thermal  expansion, 
temperature  limitation,  sublimation  rate,  vacuum  de¬ 
composition  rate,  radiation  resistance,  and  corrosion 
resistance. 

Section  14.0,  Stress  Analysis  —  Mechanical  properties 
data. 

12.2  PROPERTIES  OF  FLUIDS 

Properties  of  gases  and  liquids  commonly  used  in  lerospr  ce 
applications  are  presented  in  tabular  form.  References  on 
more  delated  data  are  listed  at  the  end  of  sach  sub-topic. 

Unless  otherwise  noted,  all  data  are  given  for  a  pressure  of 
one  atmosphere  at  room  temperature. 

12.2.1  Storable  Rocket  Propellants 

The  most  general  definition  of  a  storable  propellant  is  a 
propellant  which  may  he  stored  in  a  rocket  system  un¬ 
attended  for  extended  periods  and  ready  for  instant  use 
under  the  rocket  system  storage  conditions.  Physical  prop¬ 
erty  data  are  presented  on  the  following  storable  rocket 
fuels  and  oxidizers: 

Aerozint-50 

4mmonia 

Ch'orine  pentafluoride 
Chlorine  trifluoride 
Hydrazine 

Hydrogen  peroxide  (100%  and  90%) 

Chlorine  trifluoride 
Hydrazine 
Hydrogen  peroxide 
Monomothylhydrazinfc 
Nitric  acid,  red  fuming 
Nitric  acid,  white  fuming 
Nitrogen  tetroxide 
Pentaborane 
Perchlory)  fluoride 
RF-1 

Unsymmetrical  dimethyl  hydrazine 

12.1-1 

12.2.1-1 


MATERIALS 


HMKRT1ES  OF  kER0ZSNE-50 


12JL1.1  EKOZINE-5#  (A -SO)  MIL-P-27492  (USAF). 
Aeroxlm.  .0  is  a  nrminai  $0:50  mixture  by  weight  of  hydra* 
sine  and  unsymrretr.cal  dimethylhydrazine  (UDMH).  It  i* 
a  clear,  colorless,  hygroscopic  (absorbs  moisture  readily) 
liquid,  with  a  characteristic  ammoniacal  odor.  When  ex¬ 
posed  to  the  air,  a  distinct  fishy  odor  is  evident  in  addition 
to  the  ammonia  odor,  probably  due  to  air  oxidation  of 
UDMH.  To  prevent  degradation  of  perfoma,<ce  due  to 


moisture  absorption  from  the  air,  Aeroxine-50  should  be 
stored  and  handled  in  closed  dry  equipment  under  a  blanket 
of  nitrogen.  Aeroxine-60  is  insensitive  to  mechanical  Suock 
but  is  flammable  in  both  liquid  and  vapor  states.  At  room 
temperature  the  vapor  over  Aeroxine-60  is  greater  than 
SX)  percent  UDMH.  Aeroxine-60  is  considered  to  be  a  hasard* 
otn  propellant  due  to  its  toxicity  and  flammability. 


Table  lZ2.il.  Pwpesfea  of  Aerozbie-SO  (A- 50,  50/50,  UDMH/Kydrazkw),  (CH,).  N.HJNA 


PROPERTY 

VALUES 

KEV. 

U>Unlw  Wai*bt 

41.  805 

81-M 

BoUUj  Point,  °r 

158 

81-11 

rntilai  Point.  °r 

22 

81-11 

Critical  T«mptr»hir«,  °F 

633 

SMI 

Critic*1  Prtiiure,  p«U 

17^1 

8i-n 

Daaaiiy.  lb  /ft3 
m 

20T  60‘F  77*F»  100-F  I60*F 

1  at.n  TV.;  iSTh  ii'.  1  '  55.4  51.4 

1000  paia  -  57.0  -  55.  7  51.9 

81-4 

81-11* 

Preiiurc,  pdL 

20*F  60*F  77*F»  100T  120‘F  160*F 

oTS?  TTTC  x.  is  4.  to  7.  oo  15.0 

81-4 

81-11* 

Hei*  of  V  aporlaatisa, 

Btu  fib 
m 

425.  8  V  NBP) 

bl-U 

Vitcoilty,  Centip^iae 
Viecoelty,  Ib^/aec  ft 

1  itm 

1000  paU 

20-F  60 *F  /77-F\  100*F  160'F 

T.tSs  0.  444  (  0.  609}  0.  66  5  5.  4?  J 

_ «0j-U _ 4.35  \5.  43  /  4.  <7 _ 3.  04 

20-F  60*F  100-F  IjO’F  • 

.  757979  0.449  SV  ,W 

_ - _ 4^50 _ 4^50 _ 3.07 _ 

81-4 

81-11* 

Specific  H«at,  Btu/lbm  CF 

0.  707  4  0.  00026  <F) 

0.  732  »t  77*F 

81-11 

Enthalpy,  Bhi/!bm 

342  (  8  77*F) 

81-11 

Surface  T engioo,  lb^/ft 

1.99  X  I0'5  (ft  77-F) 

81-11 

Thermal  Conductivity 
B«u/ft*/hr/(°F/ft) 

K  -  0.  .  7 1  -  6.45  X  I0*5  <F)  -  1.25  X  10'7  (FI*  j  0.  151  at  200*F 
_ 1 _ 

81-11 

Electric*!  Conductivity, 
mho /cm 

C.  67  X  10'3  8  78-F 

CAUTION:  Value  at  loft  may  br  incorrect.  A.E. 
Sherburne  of  Trans-Sonice,  Inc.,  Lexington.  Maaa. 

suRjfcata  a  value  of  5x10*^  to  10“^  mho/cm 

81-11 

Bulk  Modulus,  pal 

81-11 

2.  324  X  10'°  ♦  6.922  X  10*9  (5)  +  1.  047  X  10"  11  (F)*  +  4.310  X  Iff  ‘V)’ 

Expansivity,  per  °F 

Velocity  of  Sound,  ../ter 

5276  (ft  77*F) 

81-1! 

12.2.1-2 
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MATERIALS 


PROPERTIES  OF  AMMONIA 


1&2.1.2  AMMONIA  (NHi)  JAN-  4-182.  Ammonia  is  color¬ 
less  in  both  g as  and  liquid  states  and  has  a  strong,  irritating 
characteristic  odor.  It  is  to:.ic  and  will  form  flammable  and 


explosive  r .  ixtures  with  air.  Ammonia  is  insensitive  to  shock 
and  is  thermally  stable  up  to  250°F. 


Table  12.2.1.2.  Properties  of  Amrrtonia,  NH, 


property 

VALUES 

REF. 

Molecular  tfolght 

17.036 

81-11 

Boii-ng  Pent,  °r 

-28.  03 

Bl-11 

Froesing  Point.  °T 

-107.95 

81-11 

Critical  T.mpsraturo,  °F 

271 

331-1 

Critical  Ptroiouro,  poia 

1634.2 

81-11 

Daasity,  lb  /ft3 
m 

68*F  160'F 

TTT  12.  6  42.  5696  {liquid  at  NBPJ* 

331-1 

81-11* 

Vapor  Proaauru,  poia 

68*F  77  *F*  160*F 

XT'”  1*574*  TIT" 

331-1 

81-11* 

Hunt  of  Vaporisation, 
BtuAbu 

588. 16  (at  N3P) 

81-11 

Hoot  of  Fuaian,  BtuTlb 

in 

142.75  (at  MP  of  -107. 95T) 

81-11 

Vlaeoelty,  Contipoiao 
Viscosity,  lbm/»«c  ft 

1  -28.02 ”P*\  -28.  3*F  TFT  59’F  77'f' 

6.2427  ]  6. 266  ,  071558  .  0.1476  -  0.1565  - 

L  698  X  10*y  17.  9  *  10'  3  K1..83  x  10's  9.88x10'  9.  07x10*  5 

486-1 

81-11* 

SprcWc  Hoot.  Btu/lb_  °r 

160*F  -28*F  /-28.03’fA 

1.055  1.966  n75iiT  1 

34-19 

81-11* 

Enthalpy,  Bto/U>m 

-40*F  77’F 

~ 8  128.  5 

r 

81-11 

Surface  Tnui«,  Ibg/ft 

-68.8’F  60.0‘F  138.  lb*F  . . . _ 

87652653  8785155  050887  o.  00233  (at  Nl.P)»  . 

152-7 

81-11+ 

Tbormal  Conductivity 
Btu/*2/br/(°r/ft> 

K  =  9.9144+  8.6230  x  10‘®(R)  -  2.4353  x  10*10(R)2  0  912  (at  NBP) 

81-11 

Electrical  Conductivity, 
mho/cm 

0.  13  x  10*6  (at  -110.2-F) 

486-1 

Bulk  Modulus,  pel 

Expansivity,  ~*f-  pot  °T 

68*F  ,  122  #F  , 

•■TiTlO*3  1,  )4  y  10' 

492-1 

Velocity  of  Sound,  ft/*rc 

cls  NBP*  65^F  I35*F  172*F 

6  p  U  s57T  4570  380C  3020 

152-7 

81-11* 
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PROPERTIES  OF  CHLORINE  PENTAFLUORIDE 


MATERIALS 


12.2.1.3a  CHLORINE  PENTAFLUORIDE  (Com- 

pmnd  A).  Chlorine  pentafluoride  is  a  halogen  fluoride 
bearing  many  similarities  to  the  more  familiar  chlorine 
trifluoride.  It  ii  insensitive  to  mechanical  shock  non¬ 
flammable  in  air,  and  exhibits  excellent  thermal  etabilitv 
over  its  entire  liquid  range.  Chlorine  pentafluoride  is  white 
in  the  solid  state,  water-white  in  the  liquid  state,  and 


colorless  in  the  gaseous  state.  Its  odor  has  been  described  as 
both  sweet  and  pungent,  similar  to  chlorine,  fluorine,  or 
mustird.  Chlorine  pentafluoride  is  an  extremely  hazardous 
propellant  because  of  its  toxicity  and  reactivity.  It  reacts 
with  the  vast  majority  of  organic  and  inorganic  compounds 
(including  water)  and  under  proper  conditions,  with  most 
common  metals. 


Table  12.2.1.3*.  Properties  of  Chlorine  Pentafluoride,  (CPF)  QFg 


PROPERTY 

VALUES 

REF. 

Molecular  Weight 

110.441 

15-19 

Boiling  Point,  °F 

7.1 

35-1* 

Preening  Point,  °F 

-151.4  +  7.2 

15- *9 

289.4 

35-19 

Critical  Preeanr^,  pain 

771 

35-19 

Density.  lb  /ft3 

IT! 

p  =  221.8  -  48.42  a  I0*2R  +  87.96  a  10*5  R2  -  67.  5S  x  10*8  R3 

35-19 

Vapor  Preaeure,  pain 

log  P  *  5.7701  -  7154.6/R 

35-19 

1 

Heat  of  Vaporisation.  . 
Btu/lb 

m 

76.04  at  NBP 

35-19 

Kttt  of  Fusion,  Btu/lb 

m 

Viacoaity,  Cantipoiaa 
Viacosicy,  lb/aec  ft 

TO 

log  U(cp,  =  -1.62875  +  115.616/K 

lo«  ^Ilbm/ eec-ft)  '  *4’ 80138  +  <>04.145/R 

15-19 

Specific  Heat  Btu/lb_  °F 

TO 

Enthalpy,  Btu/lbm 

-19.89  (at  8°F) 

35-19 

Surface  Tension.  lbf/ft 

Y  =  1.9708  X  in*3  .  o.  5506  x  1C"5R 

35-19 

Thermal  Conductivity 
Btu/ft2/hr/(°F/ft) 

0.  Ill 

35-19 

Electrical  Conductivity, 
mho/ cm 

0.45  x  10*9  at  1.4°F 

35-19 

Bulk  hfodulua ,  pei 

1 

6. 4065xl0*b+  4.0063xl0*8(F)4  I.  4 103x10* iu(F)2  +  9. 09 15x10* "(F)3 

35-19 

Expansivity,  per  °F 

• 

Velocity  of  S^und,  ft/eec 

c  =  5758  -  7.426R  +  6.011  x  10*4R2 

35-19 

1J.2.1-3A 
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PROPERTIES  OF  CHLORINE  TRI FLUORIDE 
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12.2.1.3b  CHLORINE  TRIFLUORIDE  (CTF).  Chlorine 
trifluoride  is  a  halogen  fluoride  similar  in  reactivity  to 
elemental  fluorine.  It  is  insensitive  to  mechanical  shock, 
non-flammable  in  air,  and  exhibits  excellent  thermal 
stability  at  ambient  temperatures.  The  propellant  is  a  very- 


pale,  greenish-yellow  color  in  the  liquid  state,  and  nearly 
colorless  in  the  gaseous  state.  Its  odor  has  been  described  as 
both  sweet  and  pungent,  similar  to  chlorine  or  murtard. 
Chlorine  trifluoride  is  an  extremely  hazardous  propellant 
due  to  its  toxicity  and  reactivity,  its  reactivity  being 
surpassed  only  by  liquid  fluorine. 


Table  12.2.1.3b.  Properties  of  Chlorine  Trifluoride,  (CTF),  CIF3 


PROPERTY 

VALJES 

REF. 

UoUculsr  Weight 

92.  45 

35-19 

Bulling  Point,  °F 

51.2 

35-19 

Freezing  Point,  °F 

-105.4 

35-19 

Critical  Temperature,  °F 

355.  3 

35-19 

Critical  Pressure,  peia 

961 

35-19 

Density,  lb  /ft3 
m 

P  =  12 1.  360  -  1.  226  x  10'  \f)  +  2.  127  x  ID"4!?)2  .  8.  850  x  10'7(F|3 

35-19 

Vapor  Pressure,  psis 

„  ,  1974.451 

Uogiope  5.65350  - 

15@NBP 

35-19 

Heat  of  Vap0risation, 

Etu/lb 

m 

128.1  9  53.2  *F 

35-19 

Heat  of  Fusion,  Btu/lb 

m 

35.4  3  F.P. 

35-19 

Viscosity,  lb  /sec  ft 
m 

Log  p  (lb/eec-ft)  »  -5.  00291  +  7?^931 

35-19 

Specific  Heat,  Btu/l'o  °R 

m 

C.  =  0.4673  -  1.204  x  10'3(R)  1  2.  543  x  10'8(R>2  -  1.  581  x  10"9(R>3 

35-19 

w-vtHa’p:-,  Btu/lo_ 
m 

-177.6@-105.4'F 

35-19 

Surface  Tension,  lb^/ft 

T  =  2.03  X  10'3  -  6.  099  X  1C6  (F) 

1.699  @  NBP 

35-19 

Thermal  Condu  dvity 
Btu/f:Z/hr/(°F/ft) 

-100’F  -50'F  0*F  50"F 

0.  148  0.  143  0.  140  0.  137  10.130?) 

34- 19 

35- 19* 

Electrical  Conductivity, 
mho /era 

1.4  x  10'8  @  32 ’F 

35-19 

Bulk  Modulus ,  psl 

1 

35-19 

3.  5921  x  10'b  +  1.  8837  x  10'8(F)  +  5.  *058  x  :0_1\f)2  +  1.  3434  x  I0*13(FJ* 

Expansivity,  per  °F 

Velocity  of  Sound,  ft/sec 

C  =  640 1 » 8  -  6.8348  (R) 

i 

35-19 

ISSUED:  FEBRUARY  1970 
SUPERSEDES:  MARCH  19C7 


12.2.1-4 


PROPERTIES  OF  HYDRAZINE 


MATERIALS 


112.1.4  HYDRAZINE  MIL-P~2«53«A  (USAF).  Hydrazine 
la  a  toric,  flammat'e,  caustic  liquid  and  a  strong  reducing 
agent.  It  is  a  clear,  water-white,  hygroscopic  liquid  with  an 
odor  similar  to  ammonia,  though  less  strong.  Several  of  the 
physical  •'roperties  of  hydrazine  are  similar  to  water. 
Hydrazine  is  insensitive  to  mechanical  shock.  It  is  con¬ 


sidered  a  hazardous  propellant  due  to  its  toxicity,  reactivity, 
and  flammability.  Due  to  its  hygroscopic  nature  and  the  fact 
that  it  readily  forms  flammable  mixtures  in  air,  nitrogen 
blanketing  of  hydrazine  containers  is  required.  When  ex¬ 
posed  to  air.  hydrazine  produces  ■vhite  vapors. 


Table  12.2.1.4.  Properties  of  Hydrazine.  N.H. 


property 

VALUES 

REF. 

Motacu.ar  W.lgM 

31.  04 

81.11 

Boiling  P.'lnt.  °r 

236.3 

81.11 

r  ran  sing  Point,  °P 

35. 6 

81.11 

Critical  Tsmpe r&turs ,  °F 

716 

81.11 

2131 

81.il 

Density,  lb  /ft3 
m 

*  =  76.8353  ♦  .021735(B)  -  8.7254  x  10*6(R)2 

62.  93  (§■'  6B*F 

15-22 

Vapor  Pmiurd,  pcii 

UcS|0P.  7.07299 

0.267  @  77*F 

35.22 

H.»t  of  Vaporisntion, 

Btu/lb 

III 

— 

540  (at  236*F)  602  (At  77*F)» 

81.11 

331.1* 

Htat  of  Fusion.  Btu/lb 

m 

170  (at  35.6’F) 

81.11 

Viscosity.  Csntipoiue 

Viscosity,  lb  /sec  ft 
m 

loK  10,  =-i. 

Log  ]ne  s  .4.  J006  ♦  -3-V  -  + 

35-2! 

Specific  Hut,  BTu/lbm  °F 

Cp  =  P.  7220  ♦  1.  357  x  10"4(F)  4  6.  491  x  10*7(F)2 

0.737  2  77*F 

35.21 

Enthalpy,  Btu/lb^ 

0*F  77*F  260. 6'F  620.  6’F 

TO  TOT2  I'M.  4  426.  ( 

287-4 

Surface  Tension,  lb^/ft 

0.304551  #  77*F  0.  004270  #  95*F 

35.21 

Thermal  Conductivity 
Btu/fl2/hr/(”F/ft) 

K.  0.  2793  ♦  1.  134  x  10“4{F)  -  8.  341  x  10*7(F)Z 

35-21 

Electrical  Conductivity, 
mho/f  *n 

2.3  to  2.  8  x  10*6  (it  77*F) 

81-11 

Bulk  Modulus,  psi 

i 

1.297  x  10‘6  +  3.530  x  10*V)  4  5.73  x  10*^(F)2 

35.21 

Expansivity.  ^  per  °F 

Velocity  of  Sound,  ft/sec 

b»40  (it  77*F) 

81-11 

12.2.1-5 


ISSUED:  FEBRUARY  1970 
SUPERSEDES:  MARCH  1967 


MATERIALS 


PROPERTIES  OF  HYDROGEN  PEROXIDE 


12.2.1.5a  HYDROGEN  PEROXIDE  MIL-H-16605C.  Hy¬ 
drogen  peroxide  is  a  slightly  acidic,  clear,  colorless,  odorless 
liquid.  It  is  miscible  with  water  in  all  proportions.  Hydro¬ 
gen  peroxide  is  nonflr mmable  and  insensitive  to  mechanical 
shock  under  normal  conditions.  It  is  stable  when  pure  but 


will  decompose  if  it  becomes  contaminated.  Heat  acceler¬ 
ates  decomposition,  which  may  reach  explosive  violence  at 
300°F.  The  decomposition  products  are  oxygen  and  water 
vapor.  Hydrogen  peroxide  is  nontoxic. 

See  12.2.1.5b  tor  90*  hydrogen  peroxide. 


Table  12.2.i.5a.  Properties  of  100  Percent  Hydrogen  Peroxide,  H2O2 


PROPERTY 

VALUES 

REF. 

Molecular  Weight 

34.02 

331-1 

Boiling  Point,  °V 

302 

331-1 

Fronting  Point,  °F 

31 

331-1 

Critical  Temperature.  °F 

855 

331-1 

Critical  Pressure,  psia 

3145 

331-1 

Density,  lb  /It3 
m 

68°F  160°F 

90.2  S4. 7 

331-1 

Vapor  Prut  sure,  ptia 

68°r  160°F 

0.1  0.61 

331-1 

Heat  of  Vaporisation, 

Btu/lb 

m 

653  (st  77°F) 

331-1 

Knat  of  Fusion,  Btu/lb 

m 

158  (at  F.P.) 

331-1 

Viscosity,  Cemipoise 
Viscosity.  lbm/sec  ft 

68°F  160°F 

1.26  0.66 

a.4Txl<r’  4.44x10’’ 

331-1 

Srncific  Hcac.  Btv/lb_  °F 
m 

S0°F  1S0°F  300°F 

0.629  0.659  0.705 

34-19 

Enthalpy.  Btu/lbm 

148.  8 

486-1 

Surface  Tension.  Ib^/ft 

32. 4°F  51 . 8°F  64.  8UF 

5.  395  x  10*’  5.  311  x  10*3  5.  204  xIO*3 

486-1 

Thermal  Conductivity 
Btu/ft3/hr/(°F/ft) 

50° F  1S0CF  3"0°F 

0.279  F.  275  0.265 

34-19 

Electrical  Conductivity, 
mho /cm 

4.0  x  10*7  (st  77°F) 

486-1 

Bulk  Modulus,  pni 

Expansivity.  ^  per  °F 

Velocity  of  Sound,  ft/sec 

ISSUED:  FEBRUARY  1970 
SUPERSEDES:  MARCH  1967 


12.2.1-6 


PROPERTIES  OF  90%  HYDROGEN  PEROXIDE 


12.2.1.5b  90%  HYDROGEN  2EROXIDE.  Thu.  common 
aquooua  solution  of  90%  HjOj/10%  HjO  by  weight  is 
presented  bear;  it  better  represent*  propellant  grade 
hydrogen  peroxide  than  doe*  the  100%  HjOj  described  in 
Detailed  Topic  12.2.1.5a.  Aqueous  hydrogen  peroxide 
solutions  are  more  dense,  slightly  more  viscous,  rnri  have 


MATERIALS 


higher  boiling  and  lower  freezing  points  than  water. 
Because  of  their  strong  oxidizing  nature  and  the  liberation 
of  oxygen  and  heat  during  their  decomposition,  propellant- 
grade  solutions  can  initiate  the  vigorous  combustion  of 
many  common  organic  materials  such  as  clothing,  wood, 
wastes,  etc. 


Tabic  12.2.1.6b.  Properties  of  90  Pei  cent  Hydrogen  Peroxide,  H2Oj/HjO 


PROPERTY 

VALUES 

REF. 

MoUculav  Weight 

31.24 

35-18 

Bolling  Point,  °r 

2(6.2 

35-18 

r mating  Point,  °F 

11.3 

35-18 

Critical  Tamporaturt.  °F 

a  33  i 

35-18 

Critical  Praasura,  pala 

355* 

35-18 

Danaity,  lb  /ltS 
rn 

p(lb/cu  It)  '  1-6*1.  577x10*  *W  +  1. 112xlO*3W2-  2,  31xl0*2T|F) 

-4.1alO*6T(F)2-  1.38x10*4WT(F)  W  •.  HjOj, 

35-18 

Vapor  Pro  ■aura,  pwia 

log  P  a  5. 95036  .  -  ■510»  5,04 

IK)  (R)4 

35-18 

Hoat  of  Vaporlaatlon. 

Btu/’.b 

m 

700.3 

35-18 

Ht*t  -(  Fusion,  fltu/lb_ 

14S 

35-18 

Viscosity,  micropoise 

r  Y  =  mole  fraction 

micro  polae)  "  134  +  °-  35  [T(C)  *  10°]  *  I4Y  »2°2  ln  ™P°r 

35-18 

Specific  Heit,  B|u/lbm  °F 

0.62 

35-18 

Cnthslpv.  Btu/lb 

m 

15.34  a'  100°F 

35-18 

Surfsce  Tension, 

5.42  at  68°  V 

35-18 

T ne  rmal  Conductivity 
Btu/ft2/hr/t°F/ft) 

0.34 

35-18 

Electrical  Conductivity, 
mho/cm 

1 1.  5  at  77°F 

35-18 

Bulk  Modulus,  pdl 

Expansivity,  per  °F 

- 

Velocity  of  Sound,  ft/aec 

5/4S 

33-18 

12.2.1-6A 


ISSUED.  FEBRUARY  1970 


MATERIALS 


PROPERTIES  OF  MONOMETHYLHY  DRAIlfr E 


114.14  MONOMBTHYLHYDRAZINE  (KMH)  NIL-P- 
(AF).  Vonomethylhydrazine  is  *  clear,  water-white, 
hygroscopic,  toxid  liquid.  It  has  a  sharp  ammoniacal  or 
fishy  odor  detectable  h>  concentrations  of  1  to  J  ppm.  Liquid 
MMH  is  not  sensitive  to  impact  and  is  more  stable  than 


hydrazine  under  conditions  of  mild  heating,  however  it  s 
similar  to  hydrazine  in  sensitivity  to  catalytic  oxidation. 
The  flammability  characteristics  of  MMH  with  air  are  clofc 
to  those  of  hydrazine  and  UDMH;  consequently,  it  should 
be  maintained  under  a  nitrogen  blanket  at  all  times. 


Tabta  124.1.6.  Properties  of  MonortothyihyOrazlne  (MMH),  CH.NH  NH, 


PROPERTY 

. 

VALUES 

REF. 

MoUcuUr  Weight 

46.  072 

35-20 

Boiling  Point,  °F 

190.3 

35-20 

Pressing  Point  °F 

-62. 2 1 

35-20 

Critical  Ttmperiturc,  °F 

S93.  7 

35-20 

Critical  Prtiaare,  paia 

1195 

35-20 

Densl.y.  lh  /ft1 
m 

54,60  (G  70*FJ 

P  =  56.86  -  3.21  X  10*2  (F) 

35-20 

Vapor  Pressure,  pels 

9.72  (0  70*F) 

Log  P  =  5.  5775 

35-20 

Heat  of  V aporization, 

Etu/lb 

ns 

376.  9  at  NBP 

35-20 

Heat  of  Fusion,  Btu/lb 

ns 

97.  30  at  MP 

35-20 

Viscosity,  Centipoise 
Viscosity,  lbm/ssc  ft 

■  — _  ..  _  o  ism  _a.  62 9 1,  i  1.7969  *  10  ,  1,  900  x  10  |  n  o  ,n _ 

I>0*  “(CP)  -  '8-1869  +  — R - R2 -  +  - in - LL8  68  -  F 

,,  .  1.  1284  x  104  5.  7963  x  108  .  1.  10399  x  10M0.  000555 

..ogp  -  -11.J266  +  - R - rZ - + - !T» - 3  at  70  F 

35-20 

Specific  Heat.  Btu/lb  °F 
ns 

0.698  (g  70-F) 

Cp  =  0.6859  +  1.36  x  10  (F)  +  8.09  x  10'  (F)  -  2.  3  x  10*’(F)J 

3  5-2.0 

Enthalpy,  Btu/lbrl 

- T—  1 

37C  <«  70*F)  |  ;..29  i 

Surfs -c  Tension,  lb^/Jt 

2. 345  (6  ?0*F)  |  j 

•-  2.607  r  10‘3  -  3.76  x  10'8(F)  !  I 

Thermal  Conductivity 
Btu/ft?7hr/(°y/ft) 

0.  1434  (@  70*F) 

8=0.  1+6  -  1.63  x  10'5(F)  .  3.  39  x  10'  '(F)2 

3 •  -2u 

Electrical  Conductivity, 
mho /cm 

4.  1  x  1C'3  <@  73.1*F) 

35-:  0 

Bulk  Modulus ,  psi 

3.07  x  10'7  (  B  70’F) 

Bink  hloJuTus  "  2-5'2  x  10  +'-0«3vl0  .M 

+  1.266  x  10'n(F)2  +  o.  17  x  I0'  ;(:-  ) 3 

35-20 

Expansivity,  per  °F 

5.  90  x  10'4 

35-20 

Velocity  of  Sound,  ft/sec 

! _ 

5125  (t*  70*F) 

C  =  8629.  5  -  7.  113  (F) 

...  ...  ■  .  i _ ___ 

?  5-20 

ISSUED:  FEBRUARY  1970 
SUPERSEDES:  OCTOBER  1965 


12.2.1-7 


PROPERTIES  Of  RED  FUMING  NITRIC  ACID 


MATERIALS 


12.2.1.7  N1TRH  AC!I).  KKI)  KCMIMi  (KINA)  MIL-P- 
7254  (82.1  te  H5  I  perffnt  hy  »righ(  UNO,,  11  percent  by 
weight  NO.  and  1.5  to  2.5  parent  by  weirht  li  O)  Reu 
fuming  nitric  acid  .s  a  highly  corrosive,  toxic,  nonflammable 
liquid  mixture  of  nitric  acid  (UNO,)  and  dissolved  nitrogen 
dioxide  (Nth).  Its  color  is  light  oritnge  to  orange-red, 


depending  upon  thr  amount  of  dissolved  NO,,  anu  it  has  an 
acrid  odor.  Addition  of  0.7  percent  by  weight  hydrogen 
fluoride  ( III*')  inhibits  corrosion  of  container  materials  by 
RKNA.  With  the  HF  additive  it  is  called  inhibited  rod 
fumii  g  nitric  acid  (IRFNA). 


Table  12.2.1.7.  Properties  of  Red  Fuming  Nitric  Acid  (RFNA) 


FROpFRT  Y 

VALUES 

REF. 

Mole oul* r  Weight 

59.  1 

34-19 

Boiling  Point,  °F 

MR 

34-19 

Freezing  Point,  °F 

-  56 

34-19 

C  rit- cal  Tompe  :  ature  ,  °F 

rzo 

34-19 

Critical  PrfMure,  pna 

1286 

34-19 

Dens’ty,  tb  / ft ^ 
m 

-50°F  0°F  50°F  140°F  148°F 

160  102  ICO  95.7  91.2 

34-19 

Vapor  Pruiurp  paia 

0°F  50°F  100°F  148rF 

0.2  1.2  5.0  15.0 

34-19 

H«at  of  Vapor  cation, 

Btu/lb 

m 

247 

34-19 

Heat  of  Fusion,  Btu/lb 

m 

Viscosity,  Centipoise 

Viscosity,  lb  /sec  ft 
m 

-50°F  0°F  50°F  100°F  148°F 

377T  .  T7T  4  OI  .  B7T7-  .  I.TIT 

60.0  *  10  22.0  *  10  10.48  x  10”'  6.52  *10'*  4.80*10'4 

34-19 

Specific  Heat,  Btu/lb  °F 
m 

-50°F  0°F  50°  F  100°F  148°F 

0.410  0.414  0.417  0.422  0.425 

34-19 

Enthalpy,  Btu/lb^ 

Surface  Tension  Jb^/ft 

Thermal  Conductivity 

Btu/ti  *  /hr  '(°F/ft) 

-50°F  0°F  50°F  100°F  148°F 

0.182  0.178  0.172  0.165  0.158 

34-19 

Electrical  Conductivity, 
mho /cm 

32°F  86°F 

11.46  *  10'1  15.  16  x  ID'2 

486-1 

Bulk  Modulus,  psi 

Ay  q 

Expansivity,  -y—  per  F 

Velocity  of  Sound,  ft/ sec 

4525 

34-19 

12.2.1  8 


ISSUED  FEBRUARY  1970 
SUPERSEDES:  OCTOBER  1905 


MATERIAL 


PROPERTIES  OF  WHITE  FUMING  NITRIC  ACID 


12.2.1.8  NITRIC  ACID.  WHITC  FUMING  (WFNA)  M IL¬ 
F-7254  (97.5  percent  by  weight  HNO„  0.5  percent  by  weight 
NO..,  and  2.0  percent  by  weight  11,0).  White  fuming  nitric 


acid  is  a  highly  corrosive,  toxic,  nonflammable,  oxidizer 
with  a  color  varying  from  straw  to  light  green. 


Table  12.2.1.8.  Properties  of  White  Fuming  Nitric  Acid  (WFNA) 


PROPERTY 

VALUES 

RE  F. 

Molecular  Weight 

Roiling  Point,  °F 

191.0  (93.  0%  HNOj  y  .0%H2O) 

486-1 

Protin,  Point,  °P 

-41.  7  (99  65%  HNOj  '  0.  15%  H^O) 

486-1 

Critical  Tempersture,  **1' 

Critical  Pmiu-e,  psi* 

Density,  lb  /f*3 

1  m 

9c.  45  93.16  <98.0*HNO,  2 . 0%  HjO) 

486-1 

Vapor  Pressure,  psia 

0. 250  0.924  <99.80%  HN0j, 

486-1 

Heat  of  Vaporisation, 

Btu/lb 

m 

Heat  of  Fusion,  Btu/lb 

m 

Viscosity  Centipoise 

Viscosity,  lb  /§ec  ft 
m 

40°P  70°F 

TT5T  ,  57iTT  .  (99  51%hnoj 

7.405  *  10  5.80  *  10  3 

486-1 

Specific  Heat.  Btu/lb  °F 
m 

0°F  100°F  200°F 

0.423  0.423  0.424  <95  -  97%  HNOj) 

486-1 

Enthalpy,  Btu/lbm 

Surface  Tension,  lb^/ft 

0. 002809 

287-4 

Thermal  Conductivity 
Btu/ft2/hr/(°F/ft) 

-25”F  75*F  200UF 

3Tl46  0—2  oTii  <99.01%  HNOj) 

486-1 

Electrical  Co  iductivity, 
mho /cm 

1 . 51  x  10  ^  (98%  HNOj) 

486-1 

Bulk  Modulus,  psi 

Expansivity,  per  °F 

Velocity  of  Sound,  ft /esc 

4067  <97.52%  HNOj  +  0.2i%N2O4+  2.I1%H20) 

486-1 

ISSUED:  MARCH  1M7 
SUPERSEDES:  OCTOBER  IMS 


12.2.19 


MATERIALS 


PROPERTIES  OF  NITROGEN  TETROXIDE 


12.2.1.9  NITROGEN  TKTHOv. IDE  MII.-P  26539 
(IJSAF).  Nitrogen  tetroxide.  also  known  iin  dinilrogen 
tetroxide  ;md  NTO,  in  actually  an  equilibrium  mixture  of 
nil 'ogell  tetroxide  i  N  *  O4  )  and  nitrogen  dioxide  (NO;  );  the 
peiccntngc  of  NO’  increases  with  increasing  temperature 
In  the  solid  stute,  N;Os  is  colorless;  in  the  liquid  state  the 
equilibrium  mixture  is  yellow  to  red  brown,  varying  W’th 
temperature  and  pressure;  in  the  gaseous  slate  it  is 
red-brown.  Niliogen  tetroxide  is  a  highly  reactive,  toxic 
oxidizer  which  is  thermally  stuhle  and  insensitive  to  all 
types  of  mechanical  shock  and  impuci.  Although  non 


flammable,  it  will  support  combustion,  and  upon  contact 
with  high-energy  fuels  such  as  hydrazine,  will  react  hyper- 
golically.  It  has  an  irritating,  unpleasant,  arid  like  odor. 

"Green"  nitrogen  tetroxide  has  been  specif  >d  for  applies 
lions  such  as  NASA  Apollo  propulsion  tc  minirtize 
stress-corrosion  cracking  of  titanium  tanks  (see  NASA  TN 
D-4289).  Green  N1O4  usually  contains  0  45  to  0.85 
percent  nitric  oxide  (NO)  and  is  identified  by  a  ch..racterii- 
tic  green  color  when  frozen.  A  similar  color  is  also  obtained 
if  NjOa  contaminated  with  water  is  frozen. 


Table  12.2.1.9.  Properties  of  Nitrogen  Tetroxlda,  (NTO),  N»0. 


PROPERTY 

VALUES 

REF. 

MolacuUr  Weight 

92.  0  16 

773-1 

Boiling  Point,  °F 

70.  2 

773-1 

Frssslng  Point,  CF 

11.  8 

773-1 

Critical  Temperature,  °F 

1116. 8 

773-1 

Critical  Pressure,  psia 

1468 

773-1 

Density,  lbm/ft3 

P  ^  95.26  -  0.  06577(F)  .  1.  10  x  10‘4(F)2 

+  2.  29  x  1G‘4(PS1A)  +  4.  94  x  10*h(PSIA)(F) 

90.  0  ii  70- 

35-21 

Vipor  Prenure,  ptia 

Log  10  P  -  8.  1 10 12  -  "-ft1 

14.0  W  70- 

35-21 

Heat  of  Vaporisation, 

Btu/lb 

»n 

178.  ’  at  70*F 

7  73-1 

Heat  of  Fusion,  Btu/lb 

m 

68.  5 

7  73-1 

Viscosity,  Centipoiee 
Vlsnosity,  lb  /sec  ft 
m 

„  72.003  .  74314.6  ““  “ 

p(cp)  -  0.2005  -»K'  +  {^2  2 

p  (lb/ft  sec)  =  1.  347  x  10  4  -  8’  7^°  *  10 -  + 

35-21 

Specific  Heat,  Btu/lb  °F 
m 

C„  =  0.  340  +  7.  87  x  10'4{F)  -  6.  09  x  10'6(F)2  +  3.  03  x  10"8(F>3 

lo.  376  «  70* 

35-21 

Enthalpy,  Btu/lb^ 

Surface  Tension,  Ib^/ft 

0.  00185  «t  68* 

773-1 

Thermal  Conductivity 
Btu/ft2/hr/(°F/ft) 

K  =  8.405  x  10*2  -  ...219  x  10'V)  +  2.  121  x  10-6  (PSIA) 

-4.081  x  10' 9(F)(PSIA)  -  6.  986  x  10"?(F)2 

35-21 

Electrical  Conductivity, 
mho /cm 

3.  1  x  10"13  @  77’F 

773-1 

Bulk  Modulus,  psi 

1  1  1.  18  x  105 

773-1 

3.  394  x  10‘6  +  1.  260  x  10  ®(F)  +  1.  486  x  10'  10(F)2-  6.  329  x  10'13(F)3 

Expansivity,  per  °F 

0.001 

773-1 

Velocity  of  Sound:  ft /sec 

C  =  3825  -  8.065  (F) 

3260  §  70*F 

35-21 

12.2.1-10 


ISSUED:  FEBRUARY  1970 
SUPERSEDES:  MARCH  1967 


MATERIALS 


PROPERTIES  OF  PENTABORANE 


12.2.1,10  PENTABORANE  MIL-P  27403.  Pen'aborane,  a 
boron  hydride,  in  nn  extremely  hu-ardous,  hlgh-cnergy 
rocket  propellant.  It  is  considered  hazardous  due  to  Its 
toxiciiy,  high  reactivity,  and  errntlc  pyrophoricity  (spon¬ 
taneous  flnmmnblllty  In  uir)  and  must  he  stored  under  a 


dry,  inert  gnu  blanket.  In  Its  pure  state  the  propellant  la  a 
clear,  water-white  liquid  at  norma!  atmospheric  condition*. 
It  hna  a  characteristic  pungent  crW  which  has  been  des¬ 
cribed  us  slckenlnply  sweet,  simiinr  to  that  of  garlic,  acety¬ 
lene,  or  burnt  rubber. 


Table  12.2.1.10.  Properties  of  Pentabarana,  B.H, 


PROPERTY 

VALUES 

REF. 

Molecular  Weight 

63.  17 

35-7 

Boiling  Paint,  °F 

140 

35-7 

Free  ting  Point,  °F 

-S3 

33-7 

Critical  Tumi  jrature,  °f 

435 

35-7 

Critical  Preeeure,  pala 

357 

33-7 

Danaity,  lb  /ft* 
m 

39.  14  at  6!°F 

35-7 

Vapor  Pstiturt,  pula 

-3o°r  -ro°r  zo°r  76°f 

6. 07  0. 22s  0. 89  \0.&9 J  4  0 

331-1 

33-7* 

Haat  of  Vapor laat Ion, 

Btu/lb 

fit 

i  19 

33-7 

Haat  of  Fuaion,  Btu/lb 

'll 

92 

35-7 

Vtacoalty,  Cantlpolaa 
Viacoalty,  lb  /aac  f» 

-50°F  0°F  100°F  140°F 

w  .  xrrvf  ,  trrr  .  tot  . 

3. 51x10*'  3.30x10*'  1.81x10*'  1,48x10*’ 

34-19 

Spaclfic  Haat,  Btu/lb  °F 

ITi 

-30°r  0°r  100°F  140°F 

urw  iirrr  tttw 

34-19 

Enthalpy,  Btu/lbm 

Surfaca  Tanelon,  lbj/ft 

1.465  x  10*S  at  68°F 

35-7 

Tharmal  Conductivity 
Btu/ftl/hr/(°F/ft) 

-50°F  0  °F  100or  140°F 

o.  us 9  3.  b9t  9. 1 1 1  o.  1 18 

34-19 

Electrical  Conductivity, 
mho /cm 

Bulk  Modulus,  pal 

Expanaivlty,  par  °F 

Velocity  of  Sound,  ft /aac 

ISSUED:  FEBRUARY  1970 
SUPERSEDES)  MARCH  US  7 


12.2.1-11 


PROPERTIES  Of  PERCHLORYL  FLUORIDE 


MATERIALS 


11.11.11  PERCMl.ORYI.  Fl.l'ORIDK.  Perchtoryl  Duorlde 
(CiCjP)  in  a  colorless  gas  under  nor. mil  atmospheric  con¬ 
ditions;  ‘he  liquid  it  water-white.  The  propellnnt  is  rela¬ 
tively  stable  at  temperatures  up  to  850°F.  Although  not 


shock-sensitive  Itself,  In  combination  with  porous  organic 
or  inorganic  materials  It  can  produce  a  |  otcntlally  shock- 
sensitive  mixture.  It  is  u  mot.erutely  toxic,  strong  oxidising 
agent,  and  has  a  mild,  sweetish  odor  detectable  at  a  con¬ 
centration  of  approximately  10  ppm  in  i  ir. 


Table  12.2.1.11.  Properties  of  Petchloryl  Fluoride,  CIO,F 


PROPERTY 

VALUES 

REF. 

Molecular  Weight 

107.  5 

35-  19 

Bolling  Point,  °F 

-5Z.  1 

35-19 

F roaring  Point,  °F 

-2)4 

3  5-19 

Critical  Tampa  ratura,  °F 

20).  4 

35-  19 

Critical  Prtsavr*.  p«ia 

778.9 

35-19 

Density,  lb  /it5 
m 

89.  2  at  f*8°F 

_ 

Wcc)’2*22*’  »-<>0Jxl0  J 

35-  19 

Vapor  Praiauri,  pala 

)2°r  77°F  122°F  /l60°F\* 

IE7T  T7TT  “527“  \TTU~J 

35-19 

(3)1-1)* 

■  float  of  Vaporisation, 

Btd/lb 

m 

81.  1  at  -52.2°F 

35-19 

Haat  of  Fusion,  Btu/lb 

m 

16.09 

35-19 

Viaroilty,  Centipolaa 
Viacoaity,  lk>m/aac  It 

u''1io,‘(cp)  c  TT  *  l-755 

35-19 

Specific  Haat,  Btu/lt.  °F 

I4°F  50°  F 

0.412  0. 228 

J5-19 

Enthalpy,  Btu/lbm 

Surface  Tension,  !b(/*t 

68°F  104°F 

— — — n  7— — rn 

1.  40  X  ill  1.  OS  x  IU 

35-19 

Thermal  Conductivity 
Btu/ft2/hr/<°F/ft) 

-2J0°F  -150°F  -50°r  /75  V  \* 

0.  096  If.  092  0.  087  \54I.  3 ) 

331-1 

(35-19)* 

Cla  Ctrl  cal  wondactivity, 
mho /cm 

Bulk  AlodiUua*  pal 

Expansivity,  par  °F 

Vatocltv  of  Sound,  ft/aac 

_ 

12.2.1-12 


ISSUED  FEBRUARY  1970 
SUPERSEDES:  OCTOBER  196S 


MATERIALS 


PROPERTl£S  Of  RP1 


12.21-12  RIM  MIL-R-25576B.  RP  1  In  ..  hydrocarbon  fuel 
which  cm.  be  dencrlbod  an  n  hlnh-boilmR  kerosene  fraction. 
The  fuel  in  n  clear  liquid  ranttlnp:  in  color  from  water-white 
t<  ii  very  pale  yellow.  RP-1  react  t  only  under  strong  oxi¬ 


dising  condition  or  at  extremes  of  pressure  and  tempara- 
ture.  The  fuel  In  flniitiioahle  and  itn  vnporn  firm  explosive 
mixtures  with  air.  It  in  chemically  ntahle  a  \d  insensltlvt  to 
mechanical  shock. 


Tabla  12.2.1.12.  Propartle*  of  RP-1  (Rockat  Propailant  •») 

(Roteiencr  -  Milita'y  Sppciticpl'pn  MIL  F -255760) 


PROPERTY 

V  ALU tS 

REF 

Molecular  Weight 

177 

34-19 

Dolling  Point,  °I 

477. 

14-19 

Fraccing  Point,  °F 

-50  ti  -IOC. 

J4-19 

C  ritical  Tempe  return,  °F 

758 

34-19 

Critical  Prpgfure,  paia 

34-19 

Density,  111  /ft3 

0°F  100°K  100°r 

50.9  49.  3  44.4 

34-19 

Vipor  P-cnuTtt,  pal* 

100°F  200°F  100°F  400°F  600°F 

0.3.  0 . 02  2.0  10.0  100 

34-19 

Heat  of  Vapor5  sati-m, 

Btu/lb 

it\ 

125 

14-19 

Heal  of  Fualon,  Btu/lb 

m 

V  iicoaity,  Cantlpolae 

Viaroilty,  lb  /«»c  ft 
m 

-  30°F  0*F  100°F  100'V 

m*  .  TTiT"  .  n~  .  or 

90.4k  10"*  32.0x10"*  8.73  k  10  "*  2.62k  10'* 

34-19 

Si  ecilic  Heat,  Btu/lb^,  °F 
in 

-50°F  0°F  100°F  300°  F  600°F 

041  0.45  0.49  0. 60  0.77 

14-19 

Enthalpy,  lltu/lbm 

Surface  TcnaU-n,  Ih^/ft 

The  ratal  Conductivity 
Btu/ftZ/hr/(°F/ft) 

-S0°F  _  0°F  100°F  300°F  6001  F 

0.087  C.08t  0.078  0,073  0.065 

34-19 

Electrical  Conductivity, 
mho/cm 

. ! q  .12 

10  and  10 

287-4 

Bulk  Modulus,  pal 

179,  000 

34-10 

Eapanaivity,  pur  CF 

Velocity  of  Sound,  ft/ aac 

2300 

14-10  , 

\ 

isSHED:  MARCH  1967 
SUPERSEDES:  OCTOBER  1965 


12.2.1-13 


PROPCRTICS  Of  UDMH 


MATERIALS 


12.2.1.1.1  I'NSYMMKTKKa*  IMMKTHYI.il  YDR  A7.INK 
tl'OMH)  MII.-I*-2IW10I-K.  1'1'MII  is  a  clear,  colorless, 
hygroscopic  lifptld  t\  n  a  rather  sharp  ltmmoniacal  or  flsoy 
odor  char  ct<  istlc  <■'  amines;  Its  \apors  arc  detectable  In 
cot.ccnt  rat  ions  of  H  ppm  or  less.  I'tlMII  is  moderately  toxic 
and  shock  In-uMi -it  ive.  It  exhibits  ex*-o' !<*»'. t  thermal  stnhlllty 


and  resistance  to  catalytic  breakdown.  Due  to  an  extremal) 
wide  flrmmnbillty  range  *n  air  and  the  possibility  that  ex¬ 
plosive  vapor/air  ml  .turee  may  he  found  above  the  liquid, 
tU>MH  should  not  he  exposed  to  open  air,  Inatend  It  should 
he  stored  in  n  clos'd  container  under  a  nitrogen  hlnnket.  It 
nlra  rhs  both  oxygen  and  earbon  dioxide. 


Table  12.2.1.13.  Propartlea  of  UnaymmtlHcal  Dlnathyihydrazlna  (UDMH),  (CH,)i  N,H, 


j  PRO  ’I.RTY 

VALUES 

REF. 

*  MolocuUr  Weight 

bO. 102 

81-11 

Bolltrs  Point,  °F 

144.  >8 

81-11 

1  resting  Point,  '"F 

-70.97 

8i-  n 

Critical  1  «mp*  r  Atu  r* ,  °F 

481 

8i-n 

C rltt  a)  Pressure,  pei* 

*67 

8)-lt 

Dvnitty,  lb  /ft ^ 
m 

46.  55  at  77t,F  T  ~~1 

p  •  66.  1991  -  2.  6881  x  10'*(P.)  -  9.  3715  x  10'6,R)?' 

lj-21 

Vapor  Pressure,  pels 

15-21 

Heat  of  Vaporlaatlon. 

Utu/lb 

TTY 

150,  55  (at  77°F) 

81.11 

Heat  of  Fusion,  Btu/lb 

m 

7 2.  1  (at  -7 1°F) 

81-11 

Viscosity,  Csntlpolsr 
Viscosity,  tbm/sec  ft 

-65°F  32°F  77°F*  100ttF  UO^F 

irrn  .  on  .  o  zvn  .  iirm  ,  trm  . 

14.  C  x  10  5.26x10'*  3.109x10'*  2. 78  x  ’O'*  2.12*10'* 

34-14 

81-11* 

Specific  H«*t,  Btu/lbm  °F 

_ Q.«Q8it77°r  J 

rp  ■  0.610  +  0,00012  (F) 

15-21 

Enthalpy,  Btu.'l’ m 

Surface  Tension,  lb^/ft 

35-21 

Thermal  Conductivity 
Btu/ft*/hr/(°F/fl) 

0.0905  at  77°F  1 

K  »  0.  1014  -  1.  168  x  10"4  (F) 

35-21 

L*«ctnc&l  Conductivity, 
mho /cm 

Bulk  Modului ,  p*l 

1 

35-21 

3.990xl0"b+  1.669xlO'a(F)>  5. 145x10"  “(F)4  +  2.  49xK'**(F)J 

Expansivity,  ^  per  °F 

Velocity  of  Sound,  ft/e ec 

■ssns&BIHHHHHH 

35-21 

12.2.1-14 


ISSUED  FEBRUARY  i»70 
SUPERSEDES:  OCTOBER 


MATE  RiflLS 


otroocwic  fukds 

PRCrftTICS  OF  FlUOttHI 


12. 2.2  Cryogenic  Fluids 

K  cryi  pentr  flu 'd  in  generally  urcepted  at  a  liquid  wliox« 
n  >  mat  Soiling  point  .*  be'ow  238“ F  (  ’SOT).  Phynical 
property  data  arc  preoenied  Tor  the  follow'ng  cryogenic 
fluid*  u.'.>d  In  n  -.ket  pi.iprllnr'  *yxtem»: 

Liquid  fluorine 
Liquid  helium 
Liquid  hydrogen 
Liquid  nitrogen 
Liquid  oxygon 
Oxygen  difluoride 
Dibornne. 


12.2.2.1  LiqU!>  FU'ORINK.  Fluorine  i*  the  mn*t  power 
fnl  chemical  oxidlxlng  agent  known  It  react*  with  pruet' 
ri  lly  all  nrganir  and  inorganic  xi  lixtiinre*,  .  few  exception* 
bring  inert  guxev  *ome  metnl  fluoride*,  and  a  few  uncor- 
tnminated  fliorli.nted  organic  compound*  Fluorine  exhibits 
excellent  thermo'  (ability  and  re*l*t-mce  to  catalytic  break¬ 
down.  It  i*  a  di  <e  liquid  (SO  percent  h< airier  than  water) 
at  atmn*pheric  pre**ure  in  tbe  temperature  range  30P“F 
to  3(VI“F.  fluorine  i*  a  highly  toxic  gat  with  a  pungent 
halogen  odor  (xiniilor  to  chit  'Inc  bleach),  detectable  in 
concentration*  of  lex*  than  1/10  ppm.  l  iquid  fluorine  ha* 
a  clear  yellow  color,  while  fluorine  gu*  at  room  temperature 
i*  a  pale  groenish-yello’v. 


Tibi#  12.2.2..L  Fropirtlw  of  Liquid  Fluorini  C-Fi),  Fi 


PROPER!  \ 

VAL  UES 

REF. 

Molecular  Weight 

38.0 

54-  3* 

Bolling  Point,  °F 

-  506.  f. 

M-3* 

Freaalng  Point,  °F 

-  tfci.  i 

34-3A 

Critical  Te.npa ratura.  °F 

.200.2 

34-3A 

Critical  Prtaiuri,  pal* 

808  3 

486-1 

DiniKv,  lb  /ttJ 
m 

94. 1  at  NBP 

p  .  110.05  -  7. (.34  x  I0“*R  -  f.fcrtO  x  10“4(R)* 

34-  3* 

Vapor  Praaaura,  paia 

0.0456  at  -J6ir.  1.7B5  *t  -JJ4F.  14.75  at  -306F,  IB.  1  at-i90K, 

379.  B  at  -ii7.  5F  ..  . 

^o,,u  Pp,u  -  5.374  -  643. 06/R-l.  S  *  lo'7(Rl 

34-. V  5 

Heat  of  Vaporisation, 

Btu/lb 

TTl 

74.01 

34-  3?“ 

Heat  of  Fusion,  Htu/lb^ 
m 

5.77 

34-35 

Viscosity,  Canti^oia* 
Viscosity,  lb  /sac  f' 

-335  1  -319  -309. » 

7  rR  7777  "77Tr~ 

. 00078  , 00020  .00017 

54-i* 

Specific  Haat,  Btu^lb^  °F 
m 

-3io'>  ,  -i*5°r  -3to°r 

0,  36b  0  3  57  T57TFT 

81-4 

Enthalpy,  Btu/ibm 

-  iOo,  n°F  -2§0°F  -2081  ¥ 

.44,  m-  TJ47TJ  7T7TT  <Sl,‘  L1<5' id) 

•06  10 

Surface  Tension,  lb^/ft 

-357°F  -3  50°  3  -33i°F  -313°K 

100.  1*  to*9  97.0*10“*  83.  6  *  10*"  5  71.3  xl0“5 

486-1 

Tha  mal  Conductivity 
Btu/ft1/hr/(°*7ft) 

-3t0°F  -3tO°F 

TJ7T5-  8. 19  1 

81-4 

Electrical  Conductivity, 
mho  /  ni 

Bulk  Modulus,  psi 

Fxpxnatwtty,  par  °F 

Velocity  of  Sound,  fV/soc 

(Approximately  37b  m/arc  at  37  3°K.  1  atm) 

l  •  -S‘i 

ISSUED.  FEBRUARY  1970 
SUPERSEDES;  OCTOBER  19«S 


12.2.2-1 


PROPERTIES  Of  HELIUM 


MAH  RI/MS 


12.2.7.2  1.11)1  II*  lll  l  li  M  I  i.pml  (i.  •hum  i.  tin  e\l it'iiifly 
lilthl  final  wi'iflinii;  uii!>  <  o|  .  ••  -t  ■  nai->  pri  ^ <  1 1  <  >n  l(  e- .*t* 
in  .*11  stable  Isotopir  lutin'-.  Hr  it •  id  Hr  I  ti|'iiil  hrlliitll  in 
.1  colorless,  >  >«l<  1 1  If  - 1  It  II  111  hli'inp  (hr  hiwr-,1  bolhnu  }inlllt 
nf  nil  element -  (  In-’  I’i.  It  t  iinnlns'r.  ir'nlhiinninl'lr.  unit 
rhemir.i'ly  ilinl.  \ ll bouyli  lirtliini  i-  irl  .lively  >uliii'«,i‘,  it* 
I  i  (|  il  lit  properties  Imvr  been  ill  -  >i  ■  -  ■  -  \  t  i'll  .ll  rly  mvr. limited 
til.  ll  thou'  of  liny  other  It  1 1  it)  with  I  hr  possible  r\rr|ilioll  of 
.'liter,  illli'  primarily  to  thr  mm  Hal  properties  of  normal 
In- 1  i  ll  111  (Hr'i  hi'lo'v  loli.l  I1'  iJlH  K>  llrloiv  this  trln 
1 1 " i  n t u l  i ,  known  |is  tin  IiiiiiImIii  t .  ansfori.mt ion  temperature, 
ti.r  ft  ii  ill  is  tlmi  it  null'll  as  lirlimn  II.  Super  tin  i- 1  it  y  is  out-  of 
thr  unusual  phenomena  exhibited  hv  hr'iun:  II  Thr  vi.  uisity 
of  hrliiun.  whirh  at  i's  pornuil  hoilinir  point  i  7i*  times 
lowi't'  than  water,  approarhe*  zero  hrlow  thr  Inniliila  trans- 
foiiniition  trnipi  railin',  milking  it  an  almost  flirt ionli'x.i 


It  ml  'i'lu  Isotopr  Hr  ilors  not  have  a  In  III  hi!  a  point  mill  ill 
all  (inn's  ll.  I'liv.  s  .1  .1  normal  filial. 

I'lir  primal)  sourer  of  hrliuni  is  natural  (fas,  although  at  a 
■auisiilri  al  ly  hi|fhri  rosi  ||  is  possihlr  to  srpiiratr  hrliuai 
from  ail  Allla  tilth  nonloMr,  like  nitioKrii,  ronrrlil la, Ions 
hrliuai  ifiis  in  I'otifi ill'll  spires  should  hr  avoided,  slnrr 
i rplarrmriit  if  oxygen  in  thr  atmosphere  inn  lend  to 
si:  pli.v  Hint  inn 

Helium  Is  iinl'kr  other  tlniils  in  that  it  has  no  triple  point 
i  no  rondition  of  tmnprraturr  and  pressure  where  solid. 
tii| .1  ill.  and  vapor  ran  coexi.tl  and  is  the  only  suhstnme 
whirh  remains  Ihpiid  down  to  absolute  zero.  A  minimum  of 
approximately  l!M  atmospheres  of  pressure  is  reiptired  to 
obtain  solid  helium. 


Table  12.2.2.2.  Propertlat  of  Liquid  Helium  (LHe),  He 


i»no»»»m  > 

V  AUJI  1 

ncr 

Mnl»iut«r  Weight 

4  £ 

4/4-1 

Moiling  I'utni,  “l' 

-442  1 

*76  1 

KoAitng  I'oint,  ‘V 

ilori  m»t  Irene  •(  1  Attn  pmiure 

llrilii*l  t  empe  rttur*- .  '*>' 

440  l  S 

474-1 

CrilhAl  I'rtMufr.  |nU 

M  14 

47b-  1 

tHn*i»V.  lb  /ft  * 
m 

*  -W’T  nrr - 40°T - '-WX^T - 

I*t  _vr  “Ti“  “ —  — r-“ 

4  Atm  H  7  \  \\  fc  i  1 

ill  Alia.  1.9  _  .al.4  11-  4 

•1.14 

Vapor  I'retvure.  peia 

4Sb'’r  J.V-T1'  -4M»°r 

ifV?  17’ tt  \\  » 

474  - » 

Hell  i»f  V  apo’-i  eation, 

)TA 

1  0  (At  11  H.) 

474-  1 

He  At  dI  Fueiun,  Rtu/th^ 

1  It  (ft  .11  ) 

474-1 

V  Hi  unty,  t  ertijKHee 

V  iiituily,  lb  /«ei  ft 

-Ot.ar  -sxx°i  au"'1 

nno  4  rvnrio1.  r.n'r  no  - J 

1  III  I01'  !.*•*■  II''”  1  ‘‘I  »  ll'-0 

474-  1 

Spftilu  Ileal,  Wlu/ll»rn  °F 

-iu“r  -s>s°r  .«i“r 

i  r  6  ill  2  71  Pr.l.ur.l 

•i-14 

KnthAlpv.  Htu/lb,^ 

(See  t  ya.  H.  i  ,  4  It,  i  ) 

■  s  .e'r  m'V 

TT  T7~  <*•' 

149-1 

Surf »ie  IfTiion,  lh^/|t 

iM,°r  -in'V  i»i°r 

r*l,.Tle-'  r*TTie  *  iTTriO’7  tundr,  ...  un  v.por  pr-..  | 

474-1 

rhetm*l  Cohit-ilivily 

ni»iid/ii:i“r  in 

446°* 

0  0107  0  0(47 

476-1 

I.'leitru4l  (  oiuillTtiVltyi 

itihk  i  m 

ttiiik  MoluluA,  p# 

|u  «^4jt«tvity.  pr  r  °F 

Velui  ttv  nf  Smm4,  H/*«i 

VApor  ♦’rAtiA 

4  ttm  710  . 

10  Atm  114  141 

s’O  Atm  l  l  li 

♦  76- 

12  2.2  2 


ISSUED:  MARCH  1967 
SUPERSEDES  OCTOBER  1965 


MATERIALS 


HfOPEBTIES  Of  HYDROGEN 


12.2.2.1  I. nil'll)  IIYIHIOOKV  I  i.piid  hydrop.  i  . 

parent,  water- white,  iiderlcss,  ninitux'.  .living  'hm:' 

1  14  (In*  (Iff)  <ity  <if  wntei  If  spilled,  Iiyilrum'n  cvapniates 
immediately.  dlfTusinp  into  tin-  i,n  fester  th;  >i  m>y  other 
pi  opelllint.  Hydrogen  pus  *■«'.»<  Is  in  -ill  at  a  very  low  cnei-py 
level,  The  flnmmahility  limits  o*  hvdrnpi  n  in  .nr  iuiiki  fmm 
4.0  to  75  percent  1 1  y  (Imp  on  tla  nos  mo  n  -unlly  i  nloi  U  o«.  hut 
i.ft on  isslltne  i  yellow  east  <ln  ■  to  tin*  prcseiic.  •>!  nnpui  itios 
in  tho  air  The  ontranco  oi'  ait  in  a  hydroprii  system  pio  ioi't 
n  hazard  (ino  to  too  formation  of  nolid  oxygen  and  <  i  snlic 
nir,  tho  liquid  hydtopcn  solid  uxypon  ronihinatioii  heing 
extremely  shock -sennit ivo.  Hydrogen  systems  must  he 
flushed  with  an  Inert  pas  such  as  helium  or  nitropen  to  ox 
elude  nir  and  oxypen.  Normally  hydrnpon  does  not  present 
mi  explosive  hazard  when  it  evaporates  mu!  mixes  with  air 
In  nn  jnconflned  space. 


Tin  hydrnpon  m  ooeiih  exi-ts  in  two  l.asie  forme,  rlho  and 
|>  la,  I  he  form  dependin''  on  the  i  rial  ivo  direction  of  nuclear 
-p'li*  Theic  is  no  dilTcrcr.ce  In  the  chemieni  properties  of 
I  he  t  vo  folios,  loit  |  hole  is  a  "light  ditferonce  ill  nine  if 
‘ ■  i'Ii;  cal  pi o|*'i  lie  due  to  t  lie  dilference  in  nue tear  spins, 
hap.  lilo  o,  liip'ol  hydrogen  i1  essentially  para -hydropen, 
the  normal  hieling  I  424  h'l  eipiililu  ii  m  colisistilip  of 
I''.' T'a  |.ei  ci- a ‘  pure  hydrogen  and  0.21  percent  ortho- 
liydmpi ’i  "No' mill"  hydiop.eii  refers  to  the  ei|inlilirium 
loiuliti  n  of  hydi open  pus  at  high  temperatures  (room 
tellipernt  in  e  and  iihovel  which  is  a  mixtille  conti'illillp  75 
pet  cent  i-rtho  hyd'oi'ei.  and  2a  percen'  para  hydropen.  The 
ortho  to-puru  ( (inversion  is  an  exothermic  process,  the  heat 
generated  he  in  p  p  ren  ter  than  the  heat  of  \  aporir.ution.  To 
prevent  hiph  Imil-nIT  losses  diirinp  ((inversion,  liipiid  hydro- 
pen  for  military  nnd  space  uses  is  specified  as  having  a 
minimum  of  1*5  percent  para  content .  ('{inversion  is  areeler- 
ated  through  the  use  of  a  eutnlyst. 


Table  12.2.2.3.  Propsrtiaa  of  Liquid  Hydrogan  (LH,)  (Para-Hydrogan),  H. 


|  psoerai  r 

V  Al  LFs 

Ml  1 

Mol* iu’ar  Wright 

i  Oil 

!*•(.  1 

Hoihtxf  Point,  “F 

r 

42  1  l» 

4Kf*  -  l 

F ratting  Point,  WF 

-4i4  m 

4K»*  1 

C ritual  Tamp# raturr ,  °F 

•  400  l| 

14-14 

Critical  Preaeurr,  pate 

IK.  40 

14-14 

iMnaity,  It*  /ft1 
in 

-4io°r  .4M°r  .  «Ki“i 

s.1  rn  -  nr  mirr- 

1000  pet  4  47  4  HI  4  4  : 

14  14 

Vapor  Preaaure,  pel* 

•  414  VF  .4J0.J*1-  .411  »“> 

i  044  12  94  It  40 

4K6  •  l 

Moot  of  Vaporisation, 

-4ii  i°r  .4?i.»“r 

I4t  i  14a  9 

4Nt>  1 

Heat  of  rvalofi,  Btw/lb^ 

242  (at  414  V  F,  l  044  pata) 

4K  h  -  l 

Viscosity,  Ce.dlpoiM 
Vtacnalty,  Um/eac  ft 

m  »°r 

o  on  .  o  014  .  0.6IH  k 

I'll  i  10  t.074a  10*^  4.11a  10’* 

4Kb-  1 

fftcldc  Hist.  »ls/ll>m  “C 

^  . - 

■  1-4 

Enthalpy ,  Btu/lb 
(Soa  Fife.  11.  1  43,  e) 

I’rraa.  ,  pita  14.7  1000  14.7  iOHO 

7»mp.  .  *r  -421  - 42 1  -404  -404 

-mm  .ttt»  :nj; p  ruiw 

422-  ! 

Burfhca  Tana  ion,  lbf/ft 

-4  n°c  .U4°r  .«i7°r 

t.OttnlO'*  1  Ml  v  10'*  1,  Oil.  '.o'4 

4«b-  1 

Tharmal  Conductivity 

ats/a*/x»a,,r/fti 

-44l°r  -41tur  -40Vl 

0.  0^*27  OfiKl  OITT. 

•*22-  1 

Electrical  Con/aict  Iv.ty, 
mho /cm 

Bulk  M»4slw, 

14.  400  (at  H.P.  > 

<4-1  0 

Eapaftaivity,  pa-  “r 

Velocity  of  Iaun4,  ft/aac 

1440  (a)  B.P.l 

14  14 

ISSUED:  FEBRUARY  1970 
SUPERSEDES:  MARCH  19«7 


12.2.23 


PROPERTY 


VALUES 


M<*lr<  ular  W«i„ht 


Moiling  Print,  °T 


Free  sing  Point,  °F 


Crilictl  Prruuip,  pm 


Urnsitv,  lb  /  ft  ^ 
m 

-  345°F  -320°F 

14.4  10.4  <  »>  1  »»,n  ■ ) 

HI  -4 

Vapor  Pressure,  p'ia 

-334°F  -320°F  -2B0°F 

155-1 

5.56  14.7  113 

Hr*t  of  V.puruxtian, 

Htu/lb 

m 

85.8 

bl  -4 

Meat  of  Fusion,  Htu/lb 

.  ins  7  °F 

—  (-p-j —  (at  1  aim) 

486-t 

Viscosity,  Crntipoise 
Viscosity,  Ib^/iec  ft 

-320°F  -340°F 

nr  .  frn—  „ 

1 .  28  X  IC"*  z.  22  X  lO"* 

81-4 

Specific  Heat.  htu/lb  F 


Enthalpy.  Htu/lb^ 
(Sim*  Fig.  12.  2.  4g> 


Surface  Tension,  lb^/ft 


Thermal  Conductivity 
Utu/ft2/hr,(°F/ft) 


Electrical  Conductivity, 
mho  /cm 


Press.  .  pa. a 

14.  7 

45 

140 

300 

-120 

-  100 

-.75 

-250 

T" 

~nr 

TF 

T3 

-4  14  F 


7.  2  x  10“ 


-  is 2  F 


0.  0^4 


-  307  F 


h,  <?4  x  10“ 


-262°F 


0. 


Hulk  Modulus,  pci 

-  32  1 . 4°F  34  3°F 

155-1 

'll,  300  1  27  ,  2  00  ,  . 

Expansivity,  per  °F 

-  340°F  -3ll(i°F  -Z45°F 

0.  002  ' )  0.  001  1  2  57  0  0(572 

rv 

o» 

Velocity  of  Sound,  ft/sec 

-13"°F  35  ’s'  298° F 

uzo  tw'  -mo 

34-15 

MATERIALS 


PROPERTIES  OF  OXYGEN 


12.2.2.t>  LIQUID  OXYGEN  (LOX)  MIL-P-25508  (USAF). 
Liquid  oxygen  Is  a  nontoxic,  nonflammable,  and  nonexplo- 
.sive  oxidizing  agent  having  a  reactivity  much  lower  than 
gaseous  oxygen.  Mixing  of  liquid  oxygen  with  a  hydio- 
carbon  fuel  will  cause  the  latter  to  solidify,  forming  an 


extremely  shock-sensitive  gel.  High  purity  liquid  oxygen 
is  a  light  blue  transparent  liquid  which  has  no  character¬ 
istic  odor.  It  does  not  burn,  but  will  support  combustion 
vigorously 


Table  12.2.2.9.  Pro  parties  of  Liquid  Oxygen  (LOX,  LO>),  Oi 


PROPERTY 

VALUES 

REF. 

Molecular  Weight 

32.00 

486-1 

Boiling  Point,  °F 

-?97. 4 

486-1 

Fretting  Point,  °F 

-362.0 

486-1 

Critical  Temperature,  °F 

-,81.8 

486-1 

Critical  Pressure,  paia 

730.4 

486-1 

Density,  lb  /ft ^ 
m 

-362°F  -297°F 

85. 65  '71.20  (ti<»Uld) 

486-1 

Vipor  Pniiura,  paia 

-361°F  -325°F  -235'F 

0  027  2.102  196.692 

1 

486-1 

Hast  of  Vaporisation. 

Rtu/lb 

m 

91.62 

486-1 

Hast  of  Fuulon,  Btu/lb 

m 

5.979  (al  1  atm  and  361.  79°F) 

486-1 

Vlacoalt),  Cantlpitaa 
Viacoalty,  ft 

-363°F  -330°F  -297°r 

0.8 T~  .  0.32  .  0.19  . 

5.85x10**  2.15x10  1.28x10 

486-1 

Specific  Kent,  5tu/lt>  °F 

m 

-35C°F  -320*^  -300°r 

0.110  0.09t>  0.088 

81-4 

Enthalpy,  3tu/lbm 
(S«a  Fit.  12.  2. 4h> 

Prass. ,  paia  14.70  34.98  410.02 

Tamp.,  ®F  -297.4  -261.7  -207.7  (Unuld) 

1.89  23.6  4g:  2 

486-1 

Surface  Tanalon,  lbf/ft 

-334°F  -318°r  -298°F 

1 . 25'.  x  10"*  1.096  x  10‘}  0.  907  x  10° 

486-1 

Thermal  Conductivity 
Btu/ft2/hr/!cF/it) 

-360°F  -320°F  -30C°F 

0.110  0.096  0.088 

81-4 

E  metrical  Conductivity, 
mho /cm 

Bulk  Modulus,  pal 

-350°F  -J20°F  -30J°F  ,  .  -297°F 

237,000  177,300  142,500  129, 001) 

34-15 

34-10 

Expansivity,  psr  °F 

-3I9°r  -422. 7°r 

0.00228  0.0087 

106-10 

Valocliy  of  Sound,  ft/sac 

-351°F  -325°F  -297°F 

3703  3353  2900 

486-1 

ISSUeO:  MARCH  1967 
SUPERSEDES:  OCTOBER  1965 


12.2.2-5 


PROPERTIES  OF  OXYGEN  0IFLUORIDE 


MATERIALS 


112.2.6  OXYGEN  DIFLUORIDE.  Oxygen  difluoride  is  a 
colorless  gas  at  room  temperature  and  atmospheric  pres¬ 
sure,  and  a  yellow  liquid  at  229.5°  F.  It  has  a  foul  odor 
detected  In  air  in  concentrations  of  less  than  0.5  ppm.  Oxy¬ 
gen  difluoride  is  a  powerful  oxidizing  agent  similar  to 


fluorine  und  the  halogens  of  fluoride.  It  is  a  relatively  stable 
compound  in  that  it  does  not  detonate  by  sparking  and  4s 
found  to  be  insensitive  to  shock.  However,  it  does  decompose 
thermally  at  approximately  480°F. 


Table  12.2.2.6.  Properties  of  Oxygen  Difluortde,  OF, 


PROPERTY 

VALUES 

REF. 

Uoltcultr  W tight 

*>4.0 

476-7 

Boiling  Point,  °F 

-129. 5 

476-7 

Footling  Point,  °F 

-370.  8 

476-7 

Critical  Temperature,  °F 

-75.  5 

476-7 

Critical  Pressure,  peia 

718.8 

509-3 

Density,  lb^/ft^ 

-300°F  -250°F  /-230°f\*  -200°F 

io7.t~  ~tnor  ytrrvr)  ~mrr- 

476-7 

(509-3)* 

Vapor  Preeeure,  peia 

Log  P  -  5.4258  -  995.02/R 

88.67  (at  B.P.)* 

509-3 
(  476-7)* 

Heat  of  Vaporication, 

Btu/ib 

m 

88.7  (at  NBP) 

476-7 

Heat  of  Fusion,  Btu/lb 

m 

Viacoaity,  Ceutipoise 

Viscosity,  lb  /fee  ft 
m 

L°W  K(cp)J  lU‘4/K-l.  4508 
(Valid  from  11  to  760  mmHg  pressure) 

0,  2826  c|? 

1,  VOxlO"^  lb  /«ec  f? 
m 

509.3 

*106.10 

Specific  Heat,  Btu/lb„  °F 
m 

0.  35  at  -150°F 

509-3 

Enthalpy,  Btu/lbm 

135.6  at  -230  °F 

509-3 

Surface  Teneion,  lb^/ft 

Thermal  Conductivity 
Btu/ftZ/hr/(°F/ft) 

-320.  4°F  -297.  4°F 

0.  TVS  0.  148 

476-7 

Electrical  Conductivity, 
mho/cm 

Bulk  Modulus,  pei 

Expansivity,  per  °F 

Velocity  of  Sound,  ft/sec 

12.2.2-6 


ISSUED  FEBRUARY  1970 
SUPERSEDES:  OCTOBER  196., 


MATERIALS 


PROPERTIES  OF  DIBORANE 


12.2.2.7  DIBORANE.  Diborane  is  a  colorleaa  gas  at  stan¬ 
dard  conditions.  Ita  odor  is  described  as  similar  to  rotten 
eggs  and  sickly  sweet.  The  threshold  of  detection  by  odor  is 
between  1  and  10  ppm,  however,  due  to  extreme  toxicity, 
these  concentrations  are  higher  than  the  standards  set  for 
safe  working  conditions.  Diborane  is  marginally  pyro¬ 
phoric  —  apparently  moisture  or  contamination  must  be 
present  to  cause  spontaneous  combustion  with  air  -  and  it 
produces  a  green  flame.  It  also  reacts  with  certair  reducible 
compounds  (some  metal  oxides,  organic  materials,  etc.). 
Special  precautions  must  be  observed  in  cleaning  hardware 
for  diborane  service  as  diborane  may  react  explosively  with 
residual  halogenated  solvents  such  as  carbon  tetrachloride. 
Slow  leaks  often  leave  a  tell-tale  sign  of  boron  salts  where 
the  emerging  diborane  reacts  with  humidity  in  the  air. 

Table  12.2.2.7.  P 


Because  diborane  is  so  toxic,  all  waste  should  be  incinerated 
under  controlled  conditions. 

Quantities  of  diborane  are  usually  stored  in  the  liquid 
phase.  As  a  liquid,  it  is  water  white  a  id  is  considered  to  be 
a  mild  cryogen  since  it  is  normally  kept  at  temperatures 
below  0°F.  Stored  diborane  slowly  decomposes  to  higher 
molecular-weight  boron  hydrides  and  hydrogen.  When  used 
as  a  liquid  rocket  propellant  diborane  is  hyperbolic  and 
yields  high  performance  with  severtd  of  the  high  energy 
oxidizers.  Its  drawbacks  are  toxicity,  low  density,  low 
boiling  point,  formation  of  solid  products  of  reaction,  and 
high  combustion  temperatures.  It  is  not  a  good  coolant. 
Reference  505  1  is  a  comprehensive  report  on  diborane 
published  by  Callery  Chemical  Compan 

ties  of  Diborane,  B2H6 


PROPERTY 

VALUES 

RET. 

UoUeulir  W sight 

27.69 

774-1 

Boiling  Point*  °F 

-134.6 

476-7 

rnula)  Point,  °F 

.264.0 

476-7 

Critical  Terrvp* rsture,  °F 

61.  1 

476-7 

Critical  Pnrnra,  polo 

581 

476-7 

Density,  lb  /ft* 
m 

.im°f  -uo°r  -so°r  +io°r 

-irr  *t rr  Trrr  ttt 

476-7 

Vspor  Pressure,  pels 

.i£9°r  -no0?  -jo°r  +io°r 

cow  -onr*  "  rov  ~tts~ 

476-7 

Hoot  of  VafjrUMion, 

Btu/lb 

m 

221.9 

476-7 

Hoot  of  Fualon,  BtuAbm 

6S.  9 

770-1 

Viscosity »  CsntlpoUs 
Viscority,  lb  /ssc  ft 

. -io<j°f  -iso°f  -ioo°r 

0.1S/1.6S  x  10*’  0.  153/1.03  x  10"*  0.  10/0.  671  x  10"* 

476-7 

Spocific  Hsu.  Btu/lhm  °F 

ix  -i»o°r  -i9o°F  •50°r  +io°r 

L,«uld  g.6f~  Xir  T.TT  TTW 

774-1 

Enthalpy.  Btu/lbm 

As  liquid  under  own  vapor  -  100°r  -  50°r  +20°r 

pressure  H  »  0  at  0°R  226  263  323 

774-1 

Bur  foes  Tension,  lb^/ft 

.?oo°r  -no°r 

1.36717s  1, 15  x  10”3 

476-7 

Thermal  Conductivity 
»tu/fl*/hr/(°I7(t> 

Electrical  Conductivity! 
mho /cm 

Bulk  Modulus,  pst 

r.  .  .i5<>0r  -ioo°r  -5o°r 

U’ul1  ** ip  *,m  TB.  090  T rrm  24,  BOB 

476-7 

Expansivity.  ^  per  °F 

Vslrxity  of  Sound*  ft/eec 

_ 

ISSUED  PEBKUA4V  1*70 
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MATERIALS 


PROPERTIES  OF  WATER 


12.2.3  Water  and  Hydraulic  Fluids 

The  following  tables  include  water  and  liquids  commonly 
used  for  the  transmission  of  power. 


Table  12.,?. 3a.  Properties  of  Water 


PROPERTY 

VALUES 

REF. 

Molecular  Weight 

10.02 

508-1 

Boiling  Point,  °F 

212 

409-2 

Freezing  Point,  °F 

32 

508-1 

Critical  Temperature,  °F 

70S.  *7 

508-1 

Critical  Pressure,  paia 

3206.2 

409-2 

Density,  lb  /'ft' 

32°F  60°F  100°F  1 50°F  212°F 

62. 427  62.575  62.005  61.216  59.842" 

508-1 

Vapor  Pressure,  paia 

32°F  50°F  75°F  100°F  150°F  212°F 

0.0885  C. 1781  0.4298  0.9492  3.718  14.696 

409-2 

Heat  of  Vaporization, 

Btu/lb 

m 

32°f  50°F  75°r  100°F  150°F  212°t 

1075  S  1065. 0  1051.5  1037.2  1008.2  970.3 

409-2 

P.eat  of  Fusion,  Btu/lb^ 

171 

143.  3  (*,  32°F  and  1  atm.) 

508-1 

Viscoaity,  Centipoiae  . 

Viscoaity,  lbm/aec  »t(xlO  ) 

32°F  60°F  75°F  100°F  150°F  212°F 

1.794  1.131  0.908  0.627  0.434  0.264 

12.06  7.61  6.1  4.22  2.92  1.91 

508-1 

Specific  Heat,  Btu/lb_  °F 
m 

32°F  50°F  I00°F  I50°F  2I2°F 

1.001  1.002  1.004  1.009  1.021 

132-1 

Enthalpy,  Btu/lbm 

32°F  60°  F  100°  F  150°F  212°F 

0.00  28. CS  67.97  117.89  180.07 

409-2 

Surface  Tenaion,  lb^/ft 

32°  F  60°F  |00°F  I50°F  212°F 

0.0052  0.0050  0.0048  0.0045  0.0040 

461-1  ( 

Thermal  Conductivity 
Btu/ftZ/hr/(°F/rt> 

32°F  50°F  100°F  15c"F  175°?'  212°F 

33.030  33.910  36.210  38.240  39.230  39.290 

508-1 

Electrical  Conductivity, 
mho /cm 

32°F  77  °F  I22°F 

3.02  x  10‘8  b.97xI0"B  43.43  x  10"® 

508-1 

Bulk  Modulus,  psi 

32°F  50°r  100°F  150°F  212°F  (So..  Fio 

287,000  313,000  331,000  328,000  300,000  3.3.7) 

464-1 

Expansivity,  per  °F 

Velocity  of  Sound,  it/sec 

32°  F  60°F  no  °F  150°F  212°F 

4610  4810  4960  4990  4810 

ISSUED:  MARCH  1967 
SUPERSEDES:  OCTOBER  1965 
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PROPERTIES  OF  HYDRAULIC  FLUIDS 


MATERIALS 


Table  12.2.3b.  Properties  of  MIL-HUM,  Hydraulic  Fluid  (Rad  Oil),  Mlnaral  Oil  Base, 
Hydrocarbon 


PROPERTY 

VALUES 

REF. 

KkMmltic  Vtacoaltv, 

CtUlilolui 

(l‘/nC 

-f»s°r  i6o°r  27Scr 

?fioo  ,  T  ,  4.3  , 

2.  i'i  x  10**  7.  54  x  10”3  3.55x10° 

42-1 

Specific  Gravity 

-63°F  160°F  27S°F 

0.90  0.13  0.90 

42-1 

Flash  Point,  °F 

200 

V  -274 

Pour  Point,  °F 

-70 

V -274 

S pacific  Heat,  Btu.'lb  p  °r 

-65°f  i6o°F  27n°r 

0.41  0  306  O.b 76 

42-1 

Thermal  Conductivity, 
Btu/ft2/hr/(°F/ft) 

-0»°r  160°F  2Y5°F 

0.083  0.077  0.074 

42-1 

Vapor  Preraure,  pal 

i60°F  275°F 

«.<4!>  5,81 

42-1 

Bulk  Modulus,  pai 

14.  7  pais  000  pais  5000  pria 

100"F  21.0x10*  24,0  x  10*  29.3  x  10*  (See  Fie. 

400°F  4,3x10*  5.2x10*  10.0x10*  3.  j.7) 

42-1 

Tabic  12.2.3c.  Properties  of  MIL-L  7S0S  Hydraulic  Fluid,  Synthetic  Dieeter 

(Note:  MIL-L-78C8  is  dual-purpose;  used  as  both  lubricant  and  hydraulic  fluid.) 

PROPERTY 

VALUES 

REF. 

Kinematic  Vlacoaity, 

Centlatokea 

ftz/eec 

-40oF  230°F  350°F 

2TW-  3  i  1. 5  a 

2.15x10*  3.23x10  s  1.6xl0"5 

42-1 

Specific  Gravity 

-40°F  230°r  350°F 

0.9b  0.86  0.81 

42-1 

Fltah  Point,  °F 

400 

42-1 

Pour  Point,  °F 

-75 

42-1 

Specific  Heat,  Btu/lbm  °F 

-40°F  230°F  350°F 

0.32  0  .  50  0.57 

42-1 

Thermal  Conductivity, 
Btu/ft2/hr/(°F/ft) 

-40°F  230°F  550°F 

0.09  0.082  0.077 

42-1 

Vapor  Pressure,  p» 

230°F  350°r 

0.00387  0.00581 

42-1 

Bulk  Modulus,  pai 

-40°F  230°F  350°F 

1 . 4  x  1 05  7.8*  105  1.7*  )95 

42-1 

12.2.3-2 


ISSUED i  FEBRUARY  1970 
SUPERSEDES)  MARCH  1967 


MATERIALS 


PROPERTIES  OF  HYDRAULIC  FLUIDS 


Table  12.2.3d.  Propertle*  of  MIIL-H-S44SB  Hydraulic  Fluid  (Oronde  ISIS),  Synthetic  Silicate 
Enter  and  D! eater 


ISSUEO:  MARCH  19C7 
SUPERSEDES'  OCTOBER  1969 


12.2.3*3 


PROPERTIES  OF  AIR 


MATERIAL'* 


12.2.4  G«ui 

Therronphyrlral  properly  ditu  f<»r  fluid*  commonly  nurd  In 
the  HR*nnu*  state  arc  pi  .‘rented  in  thi*  suo-toplc  in  the  form 
of  table*  and  i  hart*. 

Table  12.2.4a.  Properties  of  Air 


PROPERTY 

VALUES 

REF. 

Molecular  Weight 

28.96  average 

486-1 

Critical  Temperature,  °F 

-220. 3 

132-1 

Critical  Preaaure,  paia 

546 

:32-l 

C  Btu/lb  °F 
p  m 

0.241 

132-1 

C  .  Btu/lb  °F 

V  ITT 

0. 1725 

132-1 

Ratio  of  Specific  Heate, 
Cp'Cv 

-100°F  60°F  260°F  620°F 

1  atm  1.4017  1.406 

1000  Paia  -  -  1,3961  1.37*0 

132-1, 

486-1 

Gaa  Constant, 

lt-lb#/U»  °F 
t  m 

53.30 

486-1 

Density,  lb  /ft3 
m 

-100°F  60  »  260°F 

0.1104  0.07458  0.0551 

132-1, 

486-1 

Viscosity,  lbm/ft  sec 

-280°F  -100°F  260°F 

4.66  xlO-4  8.93xl0"4  1.534  x  10-5 

486-1 

Enthiloy,  Btu/lb 

See  Fig.  12.  2.  4am 

-!C.Q°F  260°F  620°F 

65.9  172.3  261.2 

486-1 

Mean  Free  Path,  cm 

Thermal  Conductivity, 
Btu/ftZ/hr/(°F/ft) 

-280°F  -100°F  260°F 

0.00962  0.01682  0.03502 

486-1 

Compressibility  Factor 

ITT 

-100°F  80°F  260°F 

i  atm  7TTT9T0  l.  tlMt? 

100  atm  0.8105  0.9933  1.0299 

287-4 

Velocity  of  Sound, 
ft/ sec 

32°f  21 2°F  1832°F 

248-1 

1  atm  25  atm  50  atm  100  atm  1  atm  1  atm 

1 088  fM$  w  tttc —  im  Trrr 

12.2.4  1 


ISSUtOi  RMRUAPY  1070 
SUPCRSKDKSi  MARCH  1**7 


MATERIALS 


PROPERTIES  OF  HEUUM  GAS 


T»Ms  18.2.46.  NputlM  of  detenus  Ketltim  (QHo),  Ho 


PROPERTY 

VALUES 

REF.  1 

Molecular  Weight 

4.003 

486-1 

Critical  Temperature,  °F 

-450, 2 

486-1 

Critical  Pressure,  paia 

33.2 

486-1 

C  .  Btu/lb  °r 
p  m 

-200°F  60°F  200°* 

l  atm  17ZW  TTITB  YTZVW 

1000  psia  1.239  1.252  1.23. 

155-1 

C  ,  Btu/to  CF 

v  m 

200°F  60°  F 

1  atm  HT75JT  t.VSz 

1000  psia  0.763  0.738 

Ratio  of  Specific  Heat*, 
CP/Cv 

-200°F  60°F 

1  atm  1 .  ob  T.Tl 

IbOO  paia  1.65  1.633 

486-1 

Gaa  Constant, 
ft-!bf/lbm  °F 

386.3 

Density,  lb  /ft3 
m 

JElL 

0.0111 

486-1 

Viscosity,  lbm/ft  sec 

-280°F  -100°F  80°F  260°F 

486-1 

1.54xl0“5  1.75x10”*  2.06  x  10'5  2.  30  x  1C"5 

Enthalpy,  Btu/lb^ 
m 

-100°F  200°F  620°  F  1340°F 

1  atm  447  821  1340  2240 

1300  Mia  463  b36 

486-1 

Mean  Free  Path,  cm 

27.45  x  10”fc 

248-1 

Thermal  Conductivity, 
Btu/ftl/hr/i°F/ffc) 

-ll\9°F  -10°F  80°F  260°F 

HI  A  774.4  866.  3  1029.5 

486-1 

Compressibility  Factor 
Z«  PV 

Z*  ITT 

-200°F  60°F  200°  F 

1  ntm  1.002  1.001  1.001 

*500  pria  1.  103  1.031  1.044 

155-1 

Velocity  of  Sound, 
ft/  sec 

-4U0°F  i0C°F  6006F 

1  atm  TITO  T5W-  4657 

1500  psia  1341  3480  4739 

152-7 

ISSUED:  MARCH  US7 
SUKRSCOCS:  OCTOSliR  1»B 
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M0PCMTIE8  OF  HYDROGEN  QAS 


MATERIALS 


Table  12.2.4c.  Propaftias  vf  Osseous  Hydro«an  (OH,)  (Normai-Hydrocsn),  H 


PROPEPTY 

VALUES 

REF. 

Molecular  Weight 

2.014 

486-1 

Critical  Temperature,  °1 

-399. 6 

486-1 

Critical  Pressure,  paia 

188. 11 

486-1 

C  Btu/tb  °F 
p  m 

-20C°F  60°  F 

1  atm  3.0  TT1 

1500  ps la  3.25  3.47 

155-1 

155-1 

Ratio  of  Specific  Heata, 

C0/CV 

-200°F  60°F 

1  atm  i .  49  1.40 

1500  psla  1.60  1.41 

155-1 

Gaa  Constant, 

ft-lbf/U*  °F 

I  rr, 

766.8 

155-1 

|  -100°F  60°F  500°F 

Density,  lb  /ft3 
m 

34-15 

Viscosity,  lb  /ft  sec 
m 

,  —  .  . .  - 

-100°F  f  60°  F  500°F 

4.57x10’”  6.odxlO"C  9.00  xlO-6 

34-15 

Enthalpy,  Btu/lb^ 

- "  17 

-100°F  60°F 

'  atm  “Tin r  Tirr 

1000  paia  1211  1803 

155-1 

Mean  Free  Pa*h,  cm 

17.44  x  10“6 

248-1 

Thermal  Conductivity, 
Biu/itZ/hr/(°F/ft) 

-ioo°r  60°F 

0.0741  0.1050 

155-1 

Compressibility  Factor 

/»  PV 
'  irr 

-100°k  60° F 

1  atm  0.945”  1 . 0 

100  paia  0.995  1.0 

lQQCfnaia  1.04  1.035 

155-1 

Velocity  of  Sound, 
ft/  sec 

-360°F  -26A°F  60°F  1000°F 

I  atm  2000  2650  4250  7100 

•000  paia  2650  28 L0  44.70  7300 

2400  p^ia  4050  3400  4730  7400 

522-1 

12.2.4-3 


ISSUED:  MARCH  IM7 
SUPERSEDES:  OCTOBER  IMS 


MATERIALS 


PROPERTIES  OF  NITROGEN  GAS 


I 

! 


T«bU  12.2.44.  PropafUaa  of  Qnmui  Nltrogan  (ON.),  H, 


PROPERTY 

VALUES 

REF. 

Molecular  Weight 

28.02 

486-1 

CritlcAl  Temperature, °F 

-223 

486-1 

Critical  Preaaure,  paiA 

491 

486-1 

C  ,  Btu/tb  °F 
p  m 

0.247 

135-1 

C  Btu/lb  °F 

v  m 

0. 1761 

155-1 

Ratio  of  Specific  Heafa, 

c  /c 

P  v 

-100°F  620°F  980°F 

1.404  1.382  L.360 

486-1 

Gaa  Conatant, 
ft -lb.  /lb  °F 

I 

55.1 

155-1 

Oenaity.  lb  /ft3 
m 

-100°F  80°F  440°F 

0. 1068  0.0710  0.0426 

486-1 

Viacoaity,  lb  /ft  aec 
m 

-280°F  80°  F  440°F 

1.41  xlO'3  1.91*  10”^  2.39*10-5 

486-1 

Enthalpy.  Btu/lb 

m 

-100°F  620°F  980°F 

89.0  ~  269.6  364.5 

486-1 

Mean  Free  Path,  cm 

9.29  *  10"fe 

248-1 

Thermal  Conductivity, 
Btu/ftZ/hr/(°F/ft> 

-100°F  80bF  500°F 

1  atm  “OFT  TUTl  0.023 

1000  paia  0.015  0.017  0.024 

486-1 

Comprcaaibility  Factor 
Z-  PV 

Zm  KT 

-200°F  40°F 

1  atm  0.903  0.997 

1000  paia  0.51  0.990 

155-1 

Velocity  of  Sound, 
ft/  aec 

152-7 

Velocity  of  Sound, 
ft/  sec 


1  otm 
100  atm 


1 


152-7 


mmmxt  c r  oxyqen  qas 


MATERIALS 


TaM*  12.24*.  Prapsrtfrs  of  l*<**m  Oaygsn  «0t),  0> 


PROPERTY 

VALUES 

REF. 

Molecular  Weight 

32.00 

34-15 

Critical  Temperature,  °F 

'-181.8 

34-15 

Critical  Pre«*ure,  psia 

730.4 

34-15 

C  ,  Btu/lb  °F 
p  m 

-100°F  60°F  500°F 

i  atm  nr  *or  irni 

2000  pa ia  0.53  0.29  0.*.5 

34-15 

Cy,  Btu/lbm°F 

-100°F  60°F  500°  F 

1  atm  ITIVSS  07T5T 

1500  psia  0.1617 

34-15 

Ratio  of  Specific  Heats, 

C  1C 

F  v 

-100°F  60°F 

1.414  1.402 

34-15 

Gas  Constant, 

ft -lb, /lb  °F 
t  m 

43.3 

34-!5 

Density,  lb  /ft3 
m 

1  atm  TJnZ5'  "07081  (T.T1437 

100  psia  0.874  0.56  0.312 

1000  psia  11.87  5.86  3.1 

34-15 

Viscosity,  lb^/ft  sec 

-10C°F  .  60°F  _  500°F 

i  atm  T^nrio-J  T74ykio-J  r.nrio-5 

1500  psia  1.45*  10"5  1.50*  10"5  2.1*10'5 

34-15 

Enthalpy,  Btu/lb 

m 

-100°F  60°F  240°F 

. ~7F  1  T77T  TVTl 

493-1 

Mean  Free  Path,  cm 

9.93*10"6 

248-1 

Thermal  Conductivity, 
Btu/ft2/hr/(°F/ft) 

-100°F  60°F  500°F 

1  atm  OM  OTl>  TT7CI5 

1500  psia  0.02  0.018  0.0265 

34-15 

Compressibility  Factor 
7-  PV 

z“  KT 

-100°F  80°F  440°F 

1  atm  6.  9$2dl  0. 9^39  i.  60022 

100  atm  0.6871  0.9541  1.0256 

287-4 

Velocity  of  Sound, 
ft/  sec 

- 1 00°F  60°F  440°F 

1  atm  880  1063  1385 

100  atm  1095  14^ 

152-7 

12  ’.4*5 


ISSUED:  MARCH  i*S7 
3UPERSEI/£S:  OCTOStW  IMS 


MATERIALS 


Figure  12.2.4m.  Tanparatura- Entropy  Diagram  for  Air 
(Adapted  with  permission  Iron,  "Cryogenic  Engineering," 

7.  H.  Bell,  Jr.,  Copyright  1963,  Prentice-Hall,  Inc., 
Engfewojd  C lifts,  New  Jersey) 


ISSUED:  OCTOBER  19*5 
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MATERIALS 


heuum 


,ssut0  OCT0.tR  1MS 


Turn, 


MTW#*V,  Cj/fr.*,.* 


80.I0P.K 


PARA-HYDROGEN 


MATERIALS 
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TEMPERATURE, 


MATERIALS 
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ISSUED:  OCTOBER  IS«5 


Fleurs  12.2.4*.  Tsmpsrsture-Erptrop*  Diagram  for  PsrwHydrotsn,  lOO-SOO'K 

(Courtny  National  Bur**u  of  Stand t  d*) 
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TEMPERATURE.  *K 


TEMPERATURE , *K 


MMAL4ITM0MM 


MATERIALS 


PMti 


ENTROPY  OALOir'DEV*  '** 

Figtim  12.2.41.  Tomporaturo-Entropy  Diagram  for  NonTHl-Hydrogan,  2M-600*K 

CCourta§y  National  Bureau  of  Star  tart t} 
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ISSUED:  OCTOBER  1MB 


ATURE.  ABSOLUTE.  DEGREES  KELVIN 


•  t 


ISSUED:  OCTOBER  ISM 


12.2.4-12 


Temperature,  *F 


MATERIALS 


Oi  0.4  0.5  0.6  9.7 

Entropy,  6tu/!b-*F  (no  bOM  givt.i) 


Flguro  1U.M.  TmjMUiri-Entrtpy  Otafram  far  Oxygon,  - 

(Adapted  with  permiuton  from  "Cryogenic  engineering,’ 
IH.  Bell,  Jr.,  Copyright  1  M3.  Prentice-Hell,  Inc., 
CnglewoodCim,  Hum  Jereey ) 


900teftO*P 
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ISSUED:  OCTOMK  IStt 


MATERIALS 


PROMOTE*  OP  ELASTOMERS 


12.3  PROPERTIES  OF  POLYMERS 

In  contrast  to  the  ordered  and  rigid  crystalline  arrangement 
of  stoma  in  metals,  polymer*  are  composed  of  long  molecu¬ 
lar  chain*  of  monomer*  linked  -nd  to  end.  The  monomer, 
whlc!  la  the  br.slc  element  In  a  polymer,  I*  the  link  in  thj 
chain  that  determine*  the  chemical  character.  Polymer*  are 
used  extensively  in  flute  component*  for  application*  xuch 
aa  seal*,  packing*,  bushings.  bearing*,  and  diaph"agm*. 
Polymer*  of  interest  to  the  ,tuid  component  de*lgner  cun  be 
broadly  classified  an  cither  elastomer*  or  plastic*  ( proper¬ 
ties  of  elastomeric  material*  and  plastic*  are  tabulated 
respectively  In  two  separate  table*).  The  accepted  definition 
of  a  plastic  I*  “a  material  hnving  a  high  molecular  weigh!, 


which  white  solid  In  It*  Ant*’  d  state,  at  some  stag*  In  Its 
manufacture  I*  soft  enough  to  be  formed  through  applica¬ 
tion  of  heat  and  ci  preNRure."  An  rbisfomer  i*  commonly 
defined  by  it*  performance  lather  than  hy  It*  composition 
a*  “a  polymeric  material  whirh  at  loom  temperature  <an 
be  stretched  to  at  least  twice  It*  original  length  and  upon 
immediate  release  of  strei  *  will  return  quickly  to  approxi¬ 
mately  h*  original  length."  itubber*  are  commonly  softer 
than  plastics;  however,  there  i*  a  hardnes*  overlap.  A 
representative  hardness  spectrum  for  elantomer*  and 
plastics  is  shown  in  Figure  12.3. 


Figure  12.3.  Hardness  Spectrum  for  Elastomers  and  Plastics 


ISSULD:  MARCH  1967 
SUPERSEDES:  OCTOBER  196S 


12.31 


momma  or  kuotomrxs 


MATERIALS 


12.5.1  llwtoiwf 

At  mm  tlnw,  natural  rubber  ww,  the  only  elastomer  avail¬ 
able,  while  today  there  am  a  variety  of  synthetic  rubber 
compound*  available  to  meet  a  wide  range  of  requirement*. 
Table  I2.3.i  presents  representative  propertlea  of  baaic 
type*  of  elastomers  u**d  in  fluid  component  application*. 
Within  each  l»a*lr  elastomer  type  there  can  be  n  great 
variety  of  propertlea  achievable,  depending  upon  compound- 
lug  and  curing  technique*.  Ingredient*  *uch  a*  filler*,  plau- 
t letter*,  accelerator*,  and  vulcanising  agent*  along  with 
varlout  curing  technique*  result  In  a  wide  range  of  po**tble 
propertlea  w'th  a  given  ba*e  polymer.  Carbon  black  I*  a 
common  inert  additive  which  Increase*  the  itrength  and 
hardness  of  most  elastomer*.  Since  It  would  be  impossible 
to  include  data  on  each  compound  available  within  a  given 
elastomer  type,  the  table  gives  representative  data  indi¬ 
cating  the  range  of  usefulness  of  each  material.  Detailed 
property  data  on  specific  compounds  can  best  be  obtained 
from  the  fabricator  or  molder.  Oood  source*  of  data  on 
elastomer*  are  the  “Handbook  of  Oeelgn  Data  on  Elasto¬ 
meric  Material*  Used  in  Aerospace  System*,  A8D- 
TR-fll-23 1.“'  and  “MIL-HDBK-1 4BA,  Reference  5*7-3." 

11.3.1.1  NATURAL  RUBBER.  The  chief  source  of  natural 
rubber  is  the  Accra  braailitunin  tree  grown  principally  in 
the  Far  East.  It  la  a  high  iroK'ulsr  weight  material  based 
on  the  monomer  Uoprene  (CH,).  Natural  rubber  does  not 
age  a*  well  as  many  synthetics  nor  is  It  as  chemically  Inert 
u*  some.  It  is  Inferior  to  many  synthetics  for  heat  agin* 
and  resistance  to  sunlight,  oxygen,  otonc,  solvents,  or  oils. 
Natural  rubber,  however,  has  good  low  temperature  flexi¬ 
bility,  low  compression  set,  and  tear  and  abrasion  resist¬ 
ance  superior  to  almost  all  synthetics. 

11.3.1.2  NITRILE  RUBBER.  Nitrile  rubber,  commonly  re¬ 
ferred  to  a*  Buna  N,  is  a  copolymer  of  butadiene  and 
acry'onitrile.  A  number  of  polymers  are  commercially  avail¬ 
able  with  various  monomer  rntios.  Those  containing  a  nigh 
proportion  of  acrylontrile  have  c:i<  client  resistance  to  pe¬ 
troleum  oils  and  solvents,  /ood  tensile  strength,  snd  good 
abrasion  resistance,  but  relatively  poor  low  temperature 
flexibility  and  ozone  or  sunlight  resistance.  Decreasing 
a'-rylonitri’e  content  yields  great  improvement  in  low  iam- 
pernture  capability,  hut  at  the  expense  of  oil  resistance.  The 
most  useful  compounds  nrc  based  on  medium  grades  that 
effect  a  grad  hstance  of  properties.  Nitrile  rubber  Is  the 
best  polymer  f  «:•  most  hydraulic  application:-  where  petro¬ 
leum-based  fluids  are  the  operating  medium. 

12.3.1.3  ISOBUTYLENE  IS«K  RENE  (BUTYL;  RUBBER, 
butyl  rubber  is  a  high  molecular  weight  copolymer  of  iso¬ 
butylene  with  small  amounts  of  isoprene.  It  is  not  resistant 
to  petroleum  oil  and  solvents,  hut  displays  excellent  resist¬ 
ance  to  the  phosphate  ester  type  fire-resistant  hydraulic 
fluids.  Butyl  has  the  lowest  permeability  rate  of  any  rubber 
and  for  this  reason  is  often  us-  ’  .'or  scaling  gases  and  for 
vacuum  seals. 

12.3.1.1  CHLOROPRENE  RUBBER.  Chloroprene  rubber, 
more  comm  nly  known  by  the  du  Pont  trade  name  Neoprene, 
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exhibit*  excellent  resistance  to  sunlight,  osone,  and  weath¬ 
ering,  In  addition  to  moderato  resistance  to  petroleum  oil*. 
Neoprene  Is  frequently  used  for  seals  and  diaphragms  be¬ 
cause  of  its  good  resistance  to  a  wide  variety  of  fluid*  and 
chemicals. 

1 3.3.1 .5  HI I. ICON F.  RUBBER.  The  stlLonos  are  a  group 
of  etautumeric  materials  made  from  silicone,  oxypm,  hydro¬ 
gen,  and  >arbon.  Although  having  Inferior  physical  prop¬ 
erties  such  as  tensile  strength  an'*  tear  resistance  whan 
compared  with  a  number  of  other  elastomers,  silicone 
rubber  is  primarily  useful  Ir  applications  involving  a  wide 
range  of  temperatures  and  where  compatibility  with  reac¬ 
tive  fluids  Is  required.  Silicones  arc  espi  .-(ally  useful  for 
'ow  temperature  service  because  they  do  not  emplo,  plasti¬ 
cisers  to  maintain  rubberlness,  loss  of  plastlciier  being  a 
problem  with  organic  rubbers.  Special  compounds  are  avail¬ 
able  that  remain  usefu.y  flexible  down  to  tSO-F.  The 
continuous  duty  upper  temperature  limit  is  600*F;  however, 
certain  compounds  tolerate  much  higher  temperatures  for 
brief  periods. 

12.3.1.3  STYRENE  BUTADIENE  RUBBER.  Styrene  bu¬ 
tadiene  is  a  synthetic  copolymer  of  tv,  cue  anil  butadiene 
monomers.  It  resembles  natursl  robber  in  most  respects, 
but  is  somewhat  lower  in  cost  and  has  poorer  gum  strength 
and  less  resilience  than  natural  rubber. 

12.3.1.7  POLYACRYLATE  (POLY ACRYLIC)  RUBBER. 
Polyacrylate  rubber  L  characterised  by  good  oil  reslaUrce 
at  temperatures  up  to  350  F.  Applications  for  polyacrylate 
include  oil  seals,  O-rings,  and  diaphragms.  It  is  not  recom¬ 
mended  for  dynamic  Beals  u..less  spring-loaded.  Its  strength, 
compression  set,  and  water  resistance  are  inferior;  hov, 
ever,  it  has  an  outstanding  resistance  to  hot  oil,  oxldaticn, 
ozone,  and  sunlight. 

12.3.1.H  POLYSULFIDE  RUBBER.  Polysulfide  rubbers 
have  limited  application?  due  to  relatively  poor  physical 
properties,  although  they  do  havu  excellent  resistance  to 
most  solvents.  They  are  used  extensively  in  sealing  aircraft 
fuel  Ur. .s  and  pressurised  cabins. 

12.3.1.9  FLUOROSILICONE  RUBBER.  Fluorosilicone  rub¬ 
bers  combine  most  of  the  extended  temperature  range  of 
siliconer  with  greater  resistance  to  oils  sne  mmutic  fuel*. 
Having  low  physical  properties  am.  poor  wear  resistance, 
they  usually  are  not  recommended  for  dynamic  applications. 

12.3.1.10  KEL-F  ELASTOMER.  Kei-F  elastomer  is  a  fluo- 
rinated  polymer  having  excellent  resistance  to  fuming  acids, 
strong  bases,  peroxides,  solve!  Cs,  ar-l  oils.  Its  physical 
properties  include  good  tensile  strength,  abrasion  resist¬ 
ance,  and  high  tear  rtrength.  it  also  has  low  compression 
set.  Applications  include  hose,  tubing,  diaphragms,  gaskets 
and  O-rings. 

12.3.1  11  VITON  RUBBER.  Vitor.  is  a  linear  copolymer  of 
vinylidene  fluoride  and  hexafluoro-propylene,  containing 
about  G5  percent  fluorine.  It  has  excellent  '•esistance  to 
many  petroleum  oils.  .  ynthetic  lubricants,  silicate  esters, 
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and  fuel*  covering  ■  temperature  range  of  40' F  to 
•|  MOT. 

11.1. 1. II  POLYURETHANE  ELASTOMERS.  Urethane 
elastomer*  show  excellent  resistance  to  abrasion,  better  by 
a  factor  of  ten  than  many  of  the  conventional  elastomers. 
They  may  bo  produced  In  a  hardness  rang*  from  Shore  AI0 
(softer  than  an  eraser)  to  Shore  D80  (harder  than  a  bowl¬ 
ing  ball).  Urethane  etar'omers  have  high  strength  and  a 
Halter  'oad-bearlng  capacity  than  conventional  elastomers 
of  comokrable  hardness  They  can  best  be  classified  n, 
elastoplastlcs.  since  they  have  the  desirable  properties  of 
loth  elastomer*  and  plastic'. 

12. S. 1.19  CH LOROSULFON ATED  POLYETHYLENE 
(HYI'ALON).  Hypalon  has  a  useful  temperature  range  of 
— ®5*F  to  -f8P0*F.  It  has  good  acid  resistance  hut  Its 
mechanical  properties,  compression,  and  permanent  set 
characteristics  are  less  than  desirable  for  dynamic  and 
many  static  sealing  applications, 

1 2.9.1  14  ETHYLENE  PROPYLENE  RUBBER.  Ethylene 
propyiene  is  a  relatively  low  cost  copolymer  of  ethylene 
and  propyls .ie  The  copolymer  has  an  excellent  combination 
of  qualities,  including  thermal  resistance,  abrasion  resist¬ 
ance,  and  low  compression  set,  together  with  good  physical 
properties,  good  iow  temperature  flexibility,  and  compati¬ 
bility  with  a  wide  range  of  fluids.  The  latter  include  acids, 
alcohol,  and  polar  solvents.  It  Is  not  compatible  with  petio- 
lautn-based  fluids. 

.2.3.2  Phttics 

A  plastic  Is  one  of  many  high  polymeric  substances,  includ¬ 
ing  both  natural  and  synthetic  products  but  excluding  rub¬ 
bers.  Plastic  materials  are  used  extensively  in  rocket  system 
fluid  components  as  seal  materials,  for  they  generally 
possess  superior  chemical  -esistance  to  elastomer  >.  Becuuse 
of  the  relatively  hard  unyielding  character  (compared  to 
elastomers)  uf  most  plastic  materials,  they  require  careful 
workm  inship  and  often  special  techniques  to  obtain  good 
sea«s.  Plastics  arc  broadly  divided  into  two  major  subdivi¬ 
sions,  thermosetting  and  thermoplastics.  Thermoplastics 
are  resins  which  may  be  softener  .  epeatedly  without  under¬ 
going  a  change  in  chemical  composition,  while  thermo¬ 
setting  resins  undergo  a  chemical  change  (crosslinking) 
with  implication  of  heat  and  pressure  and  cannot  be  re- 
softened.  Thermoplastics  a  -e  the  plastic  materials  most 
commonly  used  in  vsives  for  seal  and  diaphragm  applica¬ 
tions.  A  good  general  reference  on  plastics  is  the  “Plastics 
Encyclopedia"  published  annually  by  Hildreth  Press,  Inc. 
An  information  center  established  >y  the  Department  of 
Defense  for  compiPng  and  disseminating  data  of  plastics 
is  Plastec,  the  Plastics  Evaluation  Center,  at  Picatinny 
Arsenal,  Dover.  New  Jersey.  Table  12.3.2  presents  repie- 
tentative  properties  of  basic  plastics  used  in  fluid  compo¬ 
nent  applications. 

12.9.2.1  POLYETHYLENE.  Polyethylene  Is  r  strong,  flex¬ 
ible,  wax-like  plastic  with  a  hurd  surface,  available  as  a 
clear,  transparent,  translucent,  or  opaque  material.  It  is 
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highly  resistant  to  chemicals  and  has  near-xero  moisture 
ihaorpthn.  Polyethylene*  range  from  low  density  to  high 
density  dorses,  e>ch  doss  constituting  a  different  family 
of  resins.  The  properties  of  the  mnterial  are  dependent 
upon  the  density:  inerenslng  density  im  aso*  rigidity, 
temperature,  resistance,  and  load-carrying  ability.  The 
higher  density  materials  generally  have  somewhat  better 
chemical  resistance.  Polyethylene  has  a  melting  p  lint  of 
about  240  F.  It  resounds  to  irradiation  through  improve¬ 
ments  of  its  merhanieal  ocopertics,  including  improved 
solvent  resistance  and  improved  high  temperature  charac¬ 
teristics, 

12.9.2.2  TEFLON.  Teflon  Is  a  trademark  of  the  du  Pont 
Company,  applied  to  a  variety  of  polymers  of  tetrnlluoro- 
ethyiene.  The  two  most  common  Teflon  materials  used  in 
fluid  component  applications  are  Teflon  TFE  (tetrnfluoro- 
ethylene)  and  the  newer  Teflon  FEP  chlorinated  ethylene- 
propylene  copolymer)  which  unlike  the  TFE  resin  can  be 
processed  by  convent !nnnl  plastic  Injection  molding  and 
extruding  equipment.  Teflon  TFE  is  not  a  true  thermo¬ 
plastic  and  must  be  molded  Lv  r  compacting  and  sinter¬ 
ing  process.  Teflon  is  a  tough  wax-like  solid,  white  to 
gray  In  color.  A  major  reason  for  'ts  widespread  use  as  a 
sent  material  Is  its  outstanding  rhcmirnl  inertness.  Toflor 
is  used  in  both  stntic  and  dyi.nmir  sealing  applications  and 
as  a  diaphragm  material.  One  characteristic  of  Teflon  that 
must  be  considered  by  the  designer  for  any  application  is 
the  tendency  of  the  material  to  flow  under  load.  Care  must 
he  taken  in  the  use  of  TLflon  to  contain  the  material 
utiepnately  so  that  dimensional  changes  do  not  occur  as  a 
result  of  flow  under  compressive  loads.  The  “cold  flow” 
characteristics  of  Teflon  can  be  imurwvd  by  the  addition 
of  inert  tiller  materials  such  as  flbm  glass  and  asbestos.  One 
of  Teflon’s  unusual  characteristics  is  its  extremely  low 
coefficient  of  friction  (see  Table  12.7a).  This  property  makes 
it  useful  as  a  journal-bearing  material. 

Teflon  is  commercially  available  in  a  variety  of  granular 
grades  for  molding  and  ram  extrusion,  a  special  grade  for 
paste  extrusion  of  thir,  waii  sections,  and  in  water  disper¬ 
sions  for  coating  formulations. 

Granular  grades  of  TFE  resin  differ  from  each  other  in 
particle  site  and  shape.  In  general,  the  finest  grade  pro¬ 
duces  the  least  porous  parts  with  the  highest  physical  anti 
el-etrical  properties,  but  are  more  difficult  to  process  be¬ 
cause  of  lew  bulk  density,  high  compression  ratio,  high 
shrinkage,  and  poor  flowability. 

ASTM  Spec  M57-G2T  designates  three  types  of  granular 
TFE  powders  (I,  II,  and  IV)  which  correspond  to  the  fol¬ 
lowing  commercial  grades: 


a) 

ASTM  I 

Teflon  1 

Halon  (MO 

b) 

ASTM  II 

Teflon  5 

Halon  G-50  *!'lunn  G-l 

c) 

ASTM  IV 

Teflon  7 

Halon  G-80  Fluon  G-4 

TFE  past-extrusioi.  grades  are  granular  powdeis  precipi¬ 
tated  from  dispersions  and  used  with  a  lubricant  such  as 
naphtha  tor  extrusion  of  thin  wall  tubings  and  win  coal  no 
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Tabic  12-3.1.  General  Properl 

(References  19-227,  65-26,  ( 


ELASTOMER  TYPES 

Natural  Rubber 

<:«> 

lu?>  Avlana 
fropranc  lubber 

(III) 

- 

Nitrile 

Butadiene  Rubber 
(Nit) 

IIEeSH 

Silicone  Rubber 

Polyeulftde 

Rubber 

Polyurethane 

Eluetuxroc 

COMMON  NAME 

Crude  rubber 

Butyl  or  Gt-J 

•una-N 

Neoprene  or  GR-N 

THAOf  NAME 

(  Alphabet  'etten  In  oa.anH.eiei  refer  to 

Monufoc twen'  L  feting  In  right  hand  column) 

Hycv  2202(a) 
Eniay  lutylfib) 
Polyeer  Butyi(c) 

Cmmlaumfd),  lutegrenefe), 
PorocrH(r_  Tolytar  (c) 
Krynec(c),  Hy«r(a), 

Merced  jg) 

Neoprene  (h) 

SltoMcfi), 

Silicone  rubber(j,k) 

TMolcol(f) 

TKIakolthqne»(l), 
Multratlxeai(u/, 
Chemlguxi  SL(d), 
Geidtimlq), 

Adi  prone  (J) 

HypelenOO 

Hypo  Ion  20(h) 

t  *•« 

Type  S,  date  SI 

'ype  S,  Clc;  SC 

Typo  T,  Cion  TA 

Type  S,  Chet  $A 

Type  S,  Cleat  S* 

Type  S,  Chat  SC 

RELATIVE  COST  -  BUNA  S  -  100 

113 

125 

IV 

125 

1000 

250 

500 

170 

PHYSICAL  AND  MECHANICAL  PtOPERTIES 

Pyrometer  Gauge  (Share  A) 

30-100 

40-75 

20-100 

40-95 

4s£d 

20-V 

A10  *o  DV 

45-95 

Specific  Gravity  (bear  eleeKmer) 

o.w 

0.92 

1.00 

1.73 

1.17-1.44 

1.34 

1.05 

1.10 

Penalty,  K/1n3  feeer  eiortomer) 

0.033 

0.033 

0.036 

0.044 

0.045 

0.04* 

0.039 

o.ov 

TomIW  Strength,  pel 

9  ' 

2500-1500 

2500-3000 

£30-900 

3000-4^00 

Under  400 

>*000 

>5000 

40n0(Mox.) 

He  Inf  oread 

ISOO-AjOO 

2300-3000 

1000-4500 

3000-4000 

400-1500 

3500  (Max.) 

Elmgetf  on,  % 

‘ 

Pure  gum 

730-G30 

750-9X 

•OO-9C0 

Under  200 

450-650 

540-730 

600 

Bo  inf  arced 

55CM50 

*50- MC 

500-400 

200-V0 

500 

TTtanaal  Conductivity,  Ihr/V/rs  ftf^ffft)^ 

0,0*2 

0.053 

0.112 

0.13 

0.045 

CmHlc.  ft  .MW.  (•*..  uMcl,  fcVA51 

r.io'5 

32  ,  10*3 

34  «  10'3 

45  .  tt*3 

27. 10*3 

Electrical  Waw letter 

Good 

Good 

Pbar 

Fair 

ExeellvV 

Fair 

Fair 

Fair 

Idxnt 

Crld 

Excellent 

1 

Goad 

Very  good 

Good 

Bad 

Good 

Hat 

ixcoliont 

Goad 

V-yoood 

V*r»>«4 

Cbod 

Good 

Goad 

Cmwprieelen  *ot 

Good 

FIB* 

C^d 

Fair  to  peed 

Good  to  excellent 

Poor 

Excellent 

Fair  to  good 

resistance  pto^imcs 

Ttagewlia; 

Mb  wr  »  2*h,  ^i*4' 

2300 

100C 

7*0 

1500 

850 

700 

1*00 

500 

Taralb  MV.  tt  «WA,  M(S 

125 

350 

IV 

IV 

400 

Under  25 

200 

200 

lUMbutah,*'* 

503 

230 

120 

320 

350 

IV 

250 

60 

lkr,.I—«t«0*F,3i<3) 

•0 

20 

10 

200 

Under  25 

IV 

20 

-V 

-65 

-45 

-90  -  -200 

-40 

-40 

-80 

Lae  toaperaCure  range  of  rapid  rtf  Waning,  *F 

-20  -  -50 

♦30  -  -20 

♦10  -  -20 

-40  -  -»V3 

-13 

-10  -  -30 

-30  -  -50 

■ 

Vary  goad 

Fair 

f-r 

Poor  to  excellent 

Poor 

Good  to  excellent 

Fair 

Goad 

Fair 

Goad 

fair  to  good 

Excellent 

acor 

Excellent 

Fair  to  good 

■  ,-V 

Goad 

0~. 

Gaea 

Good 

Excellent 

Good 

Fair 

Good 

IV 

300 

250 

240 

4V 

255 

240 

325 

-40 

-V 

-V 

-40 

-17* 

-40 

-45 

-V 

Tear  mletanee 

Goad 

Fair 

Good 

Poor 

Poor 

Excellent 

Fair  to  good 

Abrarion  roiidoncx 

Ex  cel  too 

Goad 

excellent 

Good  to  excellent 

Poor 

Poor 

Excellent 

Good  to  excellent 

large  et  reetetar-  ,  (lattgue) 

v-rt-u 

Fair 

Fair 

Goad 

Poor 

Poor 

God 

folr  to  good 

Owlcali 

II 

Smiled  aging 

Pear 

Vary  goad 

Poor 

Excellent 

Vary  good 

excellent 

I 

Woart  jt  raeletance 

Fair 

Excel  (ant 

Goad 

Excellent 

Excellent 

Excellent 

Excelled 

I 

0*.  ■HtJon 

Good 

Vary  good 

Goad 

Excellent 

Excellent 

Very  good 

Very  good 

1 

Add* 

I 

Dilute 

fair  to  good 

Excellent 

Good 

?xcellont 

Very  good 

Coed 

Fair 

1 

Conran  Iratad 

Fair  to  goad 

Excellent 

Goad 

Gotri 

Good 

Good 

Poor 

Excellent 

Altoll 

fair  to  good 

Very  good 

Fair  to  good 

Good 

Fair  to  excellent 

Good 

Poor  to  fair 

Gear' 

Alcohol 

Goad 

Excellent 

Excellent 

Fair 

Gaud 

Good 

Good 

Ge-.-d 

Petra lauei  product*,  raektonee^ 

Excellent 

Good 

Poor  to  Fair 

Excellent 

Good 

Fair 

Coal  tar  derivative*,  raelttanoe^ 

Good 

Poor 

Poor 

Excellent 

Poor 

Good 

Or lerf noted  toNanti,  reefitence^ 

Poor 

Poor 

Good 

Cxd 

Folr  to  good 

Peer  to  fair 

Hydraulic  alb 

Sftlccrfei 

Fair  le  goad 

Goad 

Poor 

Poor  to  folr 

Good 

Phe^hMee 

Peer  to  Mr 

Good 

Poor 

Poor 

Good 

Poor 

Poor 

Water  email  leetetanui 

excellent 

fxcr‘*ant 

Excellent 

Good 

Good 

Excellent 

Good 

Good 

Panaaeblli'y  la  gam 

Goad 

OufPendlng 

Gaed 

Vary  good 

Good 

Excellent 

Good 

Very  good 

_ 

& 
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CMoraawlMclod 

Ptlyortylaoa 

VtbMiw 
fUm* •  Hr*. 
fWegro^lone 

Fbw«ill<«w 

PaFyT»IFIy»ra- 
b  tarot  My  Itwa 

Stytowa 

Sobdlba  *■  ’ter 

m) 

Pby4wtbUAa 

m 

tMylana 

(k.P) 

PohoaryMta 

(Pbvwyllo) 

Wna-lar  04-1 

Aatyllc 

sP 

*1, 

Hypuian{M 

Hypalao  MV) 

VltcnQi) 

Flw«al(eJ 

SI  Marie  LS— 5341 ) 

Kal*P(a) 

Pblgr^U). 

filar*  ly) 

PbbHK). 

TMocrlim 

Hyo*040(o) 

Aery  Ian  (K) 

Pa  hoar  Kr|— i  000(c) 

Wv).  CagaW 

m&Uip4) 

Dot  3t  N4a),  OIoMmwW 

u 

'tftr  1,  Cfta  SC 

Typal.  rb  fl 

'7ft.' 

TypaTft  Ckaa  TR 

'7ft.  « 

'7ft- • 

'r*-* 

TygeT,  CbaTI 

m 

3000 

J000 

>44 

ns 

too 

400 

4V« 

53-40 

S0-4C 

35-40 

44-100 

43-44 

30-RJ 

40-40 

1.10 

1.4-1. US 

1.41-1.44 

1.4-1. OS 

0.44 

0.M 

0.RS 

1.10 

0.040 

y.^l-O.OP? 

0.031 

0.031-4. 042 

O.OM 

0  934 

0.0)t 

0.04Q 

4010  (Me*.) 

>  3000 

1000 

3^-440 

w>  JW» 

MLMMt 

im  mm 

»IMN 

1000  i<00 

1000-2300 

400 

>330 

200 

S0O-4W 

*04-400 

4C4-I4M 

430*730 

M 

994404 

44445 

400  400 

I90-4X 

0.003 

O.U 

0.143 

17  .  I0‘5 

17  ■  I0‘5 

41  .  l<fS 

17  .  I0"1 

*  i .  »•* 

Mir 

Excellent 

Ob 

IxcalW 

Gab 

Ob 

Ixoaltab 

Pbr 

Good 

Gob 

Vary  fab 

Gab 

ImtHm 

Gob 

Pbr 

Gab 

excallant 

v-fft-ft 

Gab 

CMaMgnt 

Oob 

v«v^* 

fair  to  food 

Gob  to  axcallant 

Gob 

Gab  9aa»«llab 

Gab 

Mr 

Pbr 

Mr  to  ^ab 

SMI 

300-100 

j^QQ 

12C0 

1100 

mo 

1)00 

200 

130-300 

130-3W 

170 

'70 

400 

223 

*0 

100*330 

1Q0-330 

290 

ISO 

300-300 

400 

20 

30*  W 

30-1-0 

40 

40 

0  1  JO 

130 

-ao 

*10  -40 

-40 

♦10  -  -40 

-•0 

-100 

-40 

-*0 

, 

-JO  •*  -X 

♦20  -  -30 

♦JO  -  -JF» 

u  -  -so 

VW  -  -40 

-to  -  -x 

-  -10 

■Hem 

Mr 

Good 

Gab 

w-r  ft— 

Gab 

Mr 

Mr 

Frxr  to  pood 

Cieoi  to  iftctllrni 

EncalUr* 

Good  o  r  -~alUnt 

C» 

Gob 

Pbr 

M- 

CvMhi 

{ »c*IUrrf 

(jicallant 

E.otlMn: 

Gob 

Mr 

Enaalbot 

Excallant 

025 

430 

300 

400 

140 

100 

900 

390 

-40 

-30 

-40 

-40 

•40 

t 

-40 

•30 

Foir  to  good 

boor  to  pood 

Poor  to.  4 

Mr 

Gab 

Poor 

Fbr 

Gob  to»<c«lient 

Good 

Poor 

Gob 

Excallant 

ExaalUfd 

Oob 

Mr  to  gab 

Fair  to  yiood 

Foe*  to  gob 

Poor 

Pocr  to  gob 

Vary  gab 

Gab 

Gob 

Poor 

£  ncvlWnl 

(*c*ikcnt 

EMcallanr 

IxcoMant 

Poor 

Pbr 

Gob 

Excallant 

ExcoMcnt 

Emliint 

£»ca«Unt 

Ex  cal  toot 

Fair 

Foir 

E  Malta** 

ExcaMob 

l  xcollaftt 

Cac«ll«nt 

EncalMnt 

Excallaot 

Gob 

Gob 

Excallant 

Excallant 

Exc«ll*fit 

Excaltant 

Foir  to  gob 

Gob 

Fair 

E  nc*M*of 

Good 

V#ry  good 

ExcalUnt 

Fair  to  gob 

Gob 

Fbr 

G  OcxJ 

Foot  to  fair 

Foir  to  axcoliant 

Poor  to  Mir 

Fair  to  gob 

Foir  to  nob 

Gab  to  excallant 

Poor 

Good 

Eiulltnl 

Poor  to  good 

Ex  call  ant 

Foir 

Fnlr  to  gob 

Pew 

Pocr 

Foir 

C  wd  (o  nctllmt 

ExcalMnt 

Good  ti  axcallant 

Poor 

Foot 

Poor 

Excellent 

Good 

6«C*li*nt 

Excallant 

Poor 

Poor 

Fbr 

►oar 

Pocr  r.-*  fair 

Good 

Gob 

Gob 

Too* 

Poor 

Pocr 

Good 

Good 

Gob 

Poor  to  Mir 

Poor 

Fbr  to  gab 

Gob 

Poor 

Poo* 

Poor 

Poor 

Poor  to  fair 

Gob  to  axcallant 

Peer 

Good 

Good 

ExcaHant 

Gob 

Excallant 

Exoallonr 

Cob  to  axcallant 

Mr 

Vary  pood 

E  «c*IUnt 

Fo»r 

Excallaot 

Gob 

C.ob 

Gob 

Gab 

NOmitaM.lnil 

(*>  ft* mmmOmO  httmlmmt  ^wwWy 


.,1ft  wHm 


»ft»w  >7ft-  *'»«■*.  »rin»»  <t»  «■»  u  «—.  i» 
—ft  »■*■'■■.  >7  piM  —ft— *ft«.  ft.  a) 

•*•’*-*  -» 


(I)  Tygg*  - 

'  ?  •^,,,,, 

ST  -  T«v 

M -u7 


-  -  - TCMm  bcfj 

Civs  K  -  PtoPbi  vcfca*  m*N 
OmTA-HK  rob  too  —hi I 
Cb  Tl  -  Hat  br  eb  ail. 

(K  Uw  wHIihw  —  l.  l/j  ,  .lntHi  immilm. 

(4)  «<UMMttl4|M 

?***»•  «— ft*  «>*.»  **»—.—»  *» 


0)  I  iftnium.il> 

n#*ft*m  «*4r I*. I.mjft  fw.^.1. 

*—■  ;**■< I  «M*Qt  |III«W  ■*  IW»- 

■ft*»iii  >>ift  1*71*7  •  Ifth  **«ft— •»  nrp. 

(»>  Nliili.n  |i  i*.  m  ft  pm  i,  «ail>iii,  Sta 

■ftMft,  *H.),  **',  «  latai  3wl*. 

(7)  Cwl  *.  *~Wft»  M4,  Kiwi,  MfUtt  ...a. It,  ft.,.  ftH» 

IMkaftan 

»•**  «r  ring  h)*ft**aflMM. 


m 


uWmr  (i 


par  afc  Marty  lam),  chummy  twwr, 


,  WMtbMylww, 


MAHUMCTUWft  '  LPTINQ 

M)  ».  F. 

lb)  tn|oy  Quxwleal  Caopany 

k)  MytbrCbp.  M. 

M)  0n<|i«i  Tiro  «b  IMw  Ca. 
<•)  Rwim  TVo  and  »Ab  Co. 

(0  hlnjbmli  Owlwl 
fc)  H^M**  and  OwM  Ca. 
k)  I.  I.  rtito#  da  Nmmwi 

(I)  OwrCmbCoiv, 

(|)  O.narol  HwMi 


0)  IMbb  Oiabaal  C^p. 
b*  NabaobM  Sac.  Gan. 

W  AriawnUMp. 

<•)  Mlww—f  MIbng  w«b  M%.  Cm. 

W  JfblS  Mb  Carp. 

h)  !*•  <hmml  Tiro  «b  Mb  Co. 

(r)  rtlHIp.  . . Co. 

W  C^iytMrMbbCbiiMlC^. 

f»)  T«mHLS.OihMC<. 

S)  Mikoy  CNnkal  Ca. 
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materials 


! 


1 

COMMON  NAME 

Poiyomlde 

Ty,  '  6/6 
Nylon 

High -density 
Polyethylene 

UnmadlEl«d 

PdlpgraRpten. 

Polytatrefluore- 
a  thy  la  »ta 

Flexible 

Unfilled 

Polyvinyl  ChiorldR 

TRADE  NAME 

(Alphobet  letters  in  porenthui#!  refer  to 
Manufacturers'  lilting  in  right-hood  column) 

Zytallo) 

Alothon(o),  Dyion(b) 
Morlex(d) 

Moplen(c) 

Pro-fax(e; 

Fluoro*(nt{f,g) 

Teflon  TPl(e) 
Haler  TFI(n) 

Tygon(h) 

Opolon(i) 

PHYSICAL  AND  MECHANICAL  PROPERTIES 

-1 

■I 

Specific  (polity 

1.09-1.14 

0. 941-0. 9A5 

0.900-0.915 

2.13-2.22 

1.14-1.35  : 

Tensile  strength,  ptl 

7000-12,000 

3100-5500 

4900-6000 

2000  4500 

1*00-3530  ! 

Elongation,  % 

25-200 

I5-1X 

200-700 

200-400 

200-450  . 

Tensile  modulus,  10^  psl 

2.  6-4.0 

0.6-1. 5 

1. 4-2.0 

0.3* 

i 

Compressive  strength,  pit 

7200-13,000 

3200 

4000-1000 

1700 

900-1700  ■ 

i 

Flexural  strength,  psl 

8000-13,000 

1000 

6000-9000 

l 

i 

impact  strength,  ft- lb  par  In.  of  notch 

1.0 

1. 5-2.0 

0. 4-4.0 

3.0 

Vorlas  with  amount  | 
of  plastic  Iter 

j 

1  Hardness,  Rockwall 

*1M-R119 

D40-D70  (Sham) 

RR3-R110 

D50-043  (Shorn) 

1 

A50-A100  (Shore)  1 

Tharmol c», .uiuctiv?  'y,Btu/hr/sq. ft/(°F/ln) 

1.7 

3. 2-3.4 

0.95 

1.75 

0.87-1 . 16  ; 

Specific  hoot,  Itu/lb^F 

0.4 

0.53 

0.46 

0.25 

0. 3-0.5 

Coeff  of  linear  axp.  Iev'Iev'^F  x  10  ^ 

5.5 

9.3-16.7 

6-9 

5.5 

4-14 

Volume  roslitlvi'y,  ohn.-cm 

(0.45-4)  .  I0U 

I013-  to14 

4.5  x  lo’4 

»  10** 

io;i  -  I013 

C  ferity 

Troralucant  to 

opogua 

Tronsporant  to 

opoqua 

Translucent , 
t.  oospore  nt, 
opaque 

Opaque 

Tronsporant  to 
epoque 

PROCESSING  PROPERTIES 

Molding  gualltlot 

Excellent 

Excallant 

Excellent 

Good 

Infaction  molding  temperature  ,  °F 

« ’0-720 

300-400 

390-3*0 

320-3*5 

Mold  Shrinkoge,  in.-per-ln. 

0.019 

0.02-0.05 

0.01-0.25 

0.010-0.050 

Machining  qualities 

Excellent 

Excallant 

Excellent 

Excellent 

RESISTANCE  PROPERTIES 

Mechanical  obrasion  and  wear 

Tabor  CS  17  Wheel  mg,  lam/1000  cve’es 

4-« 

2.57 

19-28 

Tamps,  -turo: 

j 

FW*  mobility 

Self- 

extinguishing 

Vary  slow 

Slow  *o  self- 

extinguishing 

None 

Slow  to  self-  | 

extinguishing  1 

Low  tem para tura  brittle  point,  °F 

-74  to  -200 

0 

-420 

i 

Resistance  to  heot,  °f  (continuous) 

270-300 

250 

250-320 

5u0 

150-175  ■ 

Daflaction  tampa nature  under  food,  °F 

300-340  (44  p>0 

140-110  (44  pi) 

210-240  (44  pi) 

250  (44  pi) 

Chamical: 

Fffecr  of  sunlight 

Discoloa 

slightly 

Unprotected  moterioi 
oases;  requires 
black;  weothei 
resist,  (yoda  avail. 

Unprotected  material 
crosas;  requires 
black;  waother 
resist,  grade  avail. 

None 

Slight 

Effact  of  weak  acids 

Rasistont 

Vary  rasistent 

Very  rasistont 

Non# 

Nona 

Effact  of  strong  acids 

Attockad 

Attockad  slowly 
by  oxidising  acids 

Attockad  slowly 
-by  oxidising  acid1 

Nona 

Nona  to  slight 

Effact  of  waok  olkolies 

Nona 

Vary  rasistont 

None 

Nona 

Nona 

Effact  of  strong  olUoiias 

Nona 

Vary  resistant 

Very  resistant 

Nona 

Nona 

Effact  of  organic  solvents 

Res'itant  to 

common 

solvants 

Rasistont 
(below  80°C) 

. 

Resistant 
lb. law  *0°C) 

Nona 

Resists  alcohols, 
eltph.  hydrocarbons, 
oils;  soluble  in 
katanas  end  'tan; 
swells  In  ereuiotic 
hydrecorbons 

THE  FO'  LOWING  NOTES  HFII  TO 
POLYESTER  AND  POLYMICE  COLUMNS: 


1 

ISSUED:  MARCH  1967 
SUPERSEDES:  OCTOBER  IMS 


TatMft  12.3.2.  General  Aepertlee  of  Ptavttt* 

(fifrtn caa  1-279, 19431,  5101) 


Polytetmfluora' 
•thy  Un« 

Flexible 

Unfilled 

Polyvinyl  Chloride 

. . 

F  luor  looted  E  thy  Ian* 
Propylene 

Polythlorcr* 
trifluoro- 
•tb;  ‘en* 

Poly  vlnyliden# 
Plworloe 

Poly  .nyl 
Fluoride 

Polyester 

Poly  vlnylM  »fse 
Chloride 

mm 

m 

Floara»lrtt(f,u) 
Teflon  TF*(«r 

Ho  Ion  TPC  (n) 

fyg'w(h) 

Opeion(l) 

T.flon  Ftf'a) 

K.i-ni) 

Kynor(l) 

Tedler(e) 

M,M») 

Seran(k) 

E2ClCm 

K9ESH 

Hy|wlut(«) 

.*ii 

2.13-1.22 

1.16-1.35 

2.14-2.17 

2. 1-2.2 

1.74-1.77 

1.3* 

1. l*-l.3*5 

1.20-1.4* 

1.42 

1.35-1.45 

1.4 

DO 

2000-4500 

1500-33C0 

2700-3100 

4500-6000 

7000 

7000-14,000 

23,000  ,  40,000* 

(000-20,000 

9»,000**,  10,500 

5000-9000 

4000 

200-400 

200-450 

250-3X 

30-230 

100-300 

H5-230 

100,  50* 

20-14*1 

ft* 

70  ,  4-0 

2.0-40 

130 

O.M 

0.5 

1.3-3 

1.2 

3.2 

5.5 

0.5-0.* 

4.3 

3.5-4 

1.5 

DO 

<200 

400-1700 

2200 

32,000-10,000 

10,000 

2000-2700 

24,400 

*000-13,000 

9000 

90 

7400-9300 

4200-4200 

14,000 

10,000-16,000 

SOut 

;,.c 

V  jH**  with  amount 

J  plasticiser 

No  break 

0. 8-5.0 

3.' 

0.3-1 .0 

0.4-20 

0.4 

9 

050-043  (Shoo) 

A  50- A 100  (Share) 

525 

HIUM*  5 

0(0  (Shan) 

MS0-M45 

MM 

D 70-090  Ohara) 

*100 

1.2J 

0.87-1.16 

1.73 

0.9 

0.0 

1.035 

0.9 

BBSS 

0. 9-2.0 

1.2 

0.25 

0.3-0. 5 

0.28 

0.22 

0.33 

0.32 

0.27 

0.2-0.28 

5.5 

4-14 

4. 7-5. 8 

5-15 

6.7 

2.8 

1.5 

10.5 

28-35 

2.0-10.3 

4.4 

It 

>  .0" 

I01’  -  10,;i 

>2  ,  10U 

1.2,  10,# 

2  «  I0U 

3»  lO13 

10W 

10,2-I0,! 

io’» 

io'« 

I.5-I0'* 

»nt, 

>nt, 

OfM.U4 

Transparent  to 
opoqu* 

Tronspocent  to 

translucent 

Transparent  to 
tran*  lucent 

Transparent  to 
translucent 

Transparent 

Traneperent 

Trantperrnt  to 

apeeus 

Op**u4 

Transparent  *0 

opapao 

Translucent  N 
opaque 

t 

Good 

Excellent 

Excellent 

Excellent 

Exdknt 

Fair  to  go  ad 

Good 

320-3*5 

423-760 

440-400 

450-550 

300-400 

300-400 

440-4*5 

IS 

0. 010-0. 050 

0.03-0.04 

0.005-0.010 

0.030 

0.005-0.325 

0.001-0.004 

0.004-0. 00ft 

t 

Excellent 

Excellent 

Excellent 

Excellent 

Good 

Eac.ll.nt 

Excellent 

0.01 

17.4 

90-120 

lelf- 

thing 

Non# 

$lo).  to  self¬ 
extinguishing 

Non* 

None 

Self- 

extinguishing 

Slow  to  self- 
extingui  thing 

Slow  to  self- 
extinguishing 

Self- 

extinguishing 

Self- 

•xtlngulihing 

Self- 

extinguishing 

-420 

-420 

-400 

-80 

-100 

♦10  -  -20 

550 

150-175 

400 

350-390 

300 

220-250 

300 

500 

120-140 

250 

<66  ni ) 

250  60  psi ) 

258  (66  pti) 

300  (66  pel) 

195  (264  f*  i) 

1.0-150 

130-165 

300  (44  Ml) 

:terf  moteriol 
•puires 

■ode  ova?  \ , 

Non* 

Slight 

None 

None 

Sliflh*  bleaching 
on  long  exposure 

Excellent 

Type  h#  excellent; 
others  mock  rate 

Good 

Degrvc*es 

after 

prolonged 

oxpoeura 

Darkens  on 
prolonged 
interne 
exposure 

Slight 

stunt 

Non* 

Non* 

None 

None 

None 

None 

Nono 

None 

None 

1  llowly 
ling  acid) 

Non# 

Non#  *  a  slight 

None 

None 

Attacked  by 
fuminf  sulfuric 

None 

Slight 

None 

None 

Attacked  only 
by  oxidising* 

N  oft* 

Non# 

None 

None 

None 

Reristont 

None 

None 

iVant 

Non* 

Non# 

None 

None 

Nnn* 

None 

Slight 

None  *o  slight 

Attacked 

None 

None 

0°C) 

Non* 

Resist*  alcohols, 
aliph  hy  Jrocarbonj, 
oik,  soluble  in 
ke*o.  #)  and  esters; 
)w-ll)  in  iro'nutic 
hvdiucnrbon) 

None 

_ _ 

Ho  log* noted 
compound*  cause 
slight  swelling 

Resists  most 
solvents 

None 

None 

Slight  to  moderate 

Resists  alcohols, 
ollph.  hydrocarbons, 
oils;  soluble  In 
ketones  e  >J  ester  ; 
swells  in  aromatic 
hydrocarbons 

Resists  most 
solvents 

% 


PROPERTIES  OF  PLASTICS 


vtoylfdcn* 

Wto 

Polyvinyl 

Mewl* 

Polyester 

HolyvInyllWn. 

Olvl*. 

Pol  yf  mid* 

Rigid 

fotyvinyl  Chloride 

Chlorinated 

Folynrher 

Acetal 

Ml) 

T*lor<«) 

Myfarfa) 

Soron(k) 

Kfltm  H  Jtf 
KapNn  r  (.) 

Vrv*l  f>) 

felymti  Cf-1  fa) 

h.ypalon(a. 

Oelrln  (a) 

Cel  con  (m) 

>•1,77 

1.30 

1.10-1.199 

i.KM.a 

1.42 

1.39-1.49 

1.4 

1.429 

► 

7000-10,000 

»,ooo,  40,  jk‘ 

•000-20, 000 

29,000**,  10,900 

5030-9000 

4000 

10,000 

400 

119-390 

100)  90* 

20-140 

•  * 

70  ;4-4 

2.0-40 

130 

13 

1.3 

9.9 

0.9- 9.0 

4.1 

3.9-4 

1.3 

4.1 

MO 

2000-2700 

24,400 

•000-13,000 

9030 

5,200 

0%  deformation) 

4*10-4200 

14,000 

10.100-16,000 

5000 

14,100 

-  -1.0 

0.9 

0.4*20 

0.4 

1  4 

HUM*) 

M90-M69 

H03-93 

D 70- 090  (9 hot) 

moo 

*120 

1.019 

o.» 

2.3 

0.9  -2.0 

1.2 

1.4 

1 

0.32 

0.27 

0.2-0.21 

0.33 

2.1 

1.9 

10.9 

29-39 

2.9-10.3 

4.6 

4.3 

*'« 

3  «  1013 

io'* 

ta,J-  to13 

I011 

1014 

1.3-  101* 

4«  10U 

>>  ml  fo 

itoCM# 

Transparent 

Tiwpwtil 

Trcfypcrcnt  to 
ope** 

(W* 

Transparent  to 
apcRue 

Translucent  tn 

apORue 

Translucent  to 

excellent 

Fair  to  goed 

Good 

F-cellent 

•00 

300-4u0 

300-400 

440-449 

390-440°F 

• 

0.009-0.029 

0.001-0.004 

0.004-0.009 

IW 

Good 

Excellent 

Excellent 

Excellent 

90-120 

•willing 

Slow  to  self** 
ext,nguJshlng 

Slow  to  self- 
extinguishing 

Self* 

extinguishing 

Self- 

i  wtlnguishing 

Self- 

extinguishing 

-100 

♦10  -  -2v 

230-290 

300 

ms,!*' 

900 

120-140 

390 

190-220 

Wnl) 

Evi) 

130**90 

130-149 

300  (44  pal) 

1  blotching 
eg  Mnpocutt 

E.clU- 

Typo  W  excellent; 
other*  maJsnto 

Good 

Dog  sdo* 
eftor 

prdWfcd 
enpei  jre 

Darhem  on 
prolonged 

Interne 

exposure 

Slight 

Chalks 

slightly 

None 

None 

None 

None 

Resistant  to  some 

h»4ky 

]  wIKirlc 

Non* 

Slight 

None 

None 

Attached  only 
by  oxidizing  Tcii* 

Attacked 

Reel*!  *nt 

None 

None 

Resistant  to  some 

None 

Slight 

Norn  to  slight 

Attached 

None 

Nm 

Attacked 

I  mart 

Mb 

— -  — — 1 

N<rn 

Non* 

Slight  to  moderate 

Resistant 
to  moit 
organic 
solvent* 

Resist*  alcohols, 
aliph.  hydrocarbons, 
oils*  iciuble  In 
ketones  end  asters; 
swell*  in  aromatic 
hydrocarbons 

Reside  most 
solvents 

Reslttan*  tn  most 
sol  ants 

MANUFACTURER* 1  LISTING 
(*)  I .  I .  dulW  do  Nemours 
(W)  Kcppcrs  Ce. 

(c)  Chemere  Cerp. 

(d>  Phillips  Clemleel  C*. 

(•)  Hercules  Powder  Cc.,  Inc. 

(f)  Pelymer  Ce«p.  ef  Pennsylvania 
%)  Polyponco,  Inc. 

(h)  United  States  SUftiMn  Cc. 

(I)  Memento  C  remits  I  Cc. 

fl)  Minn  me  to  Mining  end  Mfg.  Cc. 

(k)  Dew  Chom'cot  Cc. 

(l)  Ponneait  Chomleals  Corp. 

(m)  Colei  esc  folymorCe. 

(n)  Allied  CSemleolCeip. 
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MATERIALS 


PROPERTIES  OF  PLASTICS 


ASTM  Grade  III,  Class  1  and  2,  corresponds  to  these  and 
is  available  in  such  commercial  products  as  Teflon  6  and 
eC  and  Fluon  CD-I,  CD-3W,  and  CD-3.  Aqueous  dispersions 
of  TFE  resins  are  available  as  Teflon  30,  SOB,  and  41BX 
from  duPont. 

The  granular  grades  of  TFE  corresponding  to  ASTM  I, 
II,  and  Iv  are  all  essentially  the  same  resin  differing  only 
in  mechanical  treatment  affecting  size  and  shape,  fh  ~ 
JtSTM  Type  III  paste  extrusion  grades  and  the  dispersions 
from  which  they  are  made  are  of  lower  molecular  weigh* 
than  the  granular  resins  and  are  of  much  finer  fundamental 
particle  size.  The  lower  molecular  weight  results  in  sub¬ 
stantially  differe  it  physical  properties  and  calls  for  differ¬ 
ent  processing  technology. 

Properties  of  TFE  moldings  are  determined  in  part  by 
crystallinity  level  w.iich  can  be  controlled  by  proper  rate 
of  cooling  from  gel  curing  processing.  This  is  easier  to 
control  with  molded  than  extruded  TFE.  For  maximum 
properties,  molded  material  should  be  specified,  however 
ram  extruded  TFE  is  less  expensive  for  small  diameters 
and  ii  available  in  longer  lengths  for  screw  machining. 

12.3.2.3  KEL-F.  Kel-F  is  a  polymer  of  chlorotrifluoruoethy- 
lene  (CTF)  possessing  chem  cal  and  physical  characteristics 
quite  similar  in  nature  to  those  of  Teflon.  A  Kol-F  molecule 
differs  from  Teflon  TFE  in  that  one  in  four  fluorine  atoms 
are  replaced  by  a  chlorine  atom.  The  introduction  of  the 
chlorine  atom  into  the  molecule  contributes  to  the  trans¬ 
parency,  moldability,  and  rigidity  characteristics  of  the 
plastic,  while  the  fluorine  atoms  are  responsible  for  its 
chemical  inertness,  thermal  stability,  and  zero  moisture 
absorption.  Kel-7  can  be  molded  by  conventional  thermo¬ 
plastic  forming  techniques.  It  is  impervious  to  corrosive 
chemicals  and  highly  resistant  tr  most  organic  solvents. 
Swelling  may  occur  in  the  presence  of  highly  halogenated 
and  aromatic  compounds,  but  the  reaction  is  reversable. 

12.3.2.4  POLYAMIDE  (NYLON).  Nylon  is  among  the 
strongest  of  the  thermoplastics.  Nylons  have  good  abrasion 
resistance,  low  friction  characteristics,  and  relatively  high 
heat  resistance.  However,  they  do  have  a  relatively  high 
moisture  absorption  and  the  properties  are  sensitive  to 
moisture  content.  Nylons  are  resistant  to  most  solvents  and 
particularly  resistant  to  petroleum  oils  and  greases.  The 
heat  distortion  point  of  nylon  is  exceeded  among  plastics 
only  by  that  of  Teflon.  Its  chemical  inertness  Is  generally 
inferior  to  polyethylene,  Kel-F,  Teflon,  and  vinyls.  Nylon 
is  used  in  fluid  components  as  a  valve  seal  material  and 
for  journal-bearing  applications. 

12.3.2.5  POLYPROPYLENE.  Polypropylene,  like  polyethy¬ 
lene,  a  polyolefin  having  properties  similar  to  high  density 
polyethylenes.  Polypropylene  has  excellert  resistance  to 
creep  anj  environmental  stress  cvackbig.  It  also  has  low 
water  absorption  and  low  permeability  to  water  vapor  and 
solvents.  Polypropylene  has  greater  rigidity,  strength,  and 
heat  resistance  than  polyethylene.  It  is  resistant  to  most 
acids,  alkalies,  and  saline  solutions,  even  at  elevated  tem¬ 
peratures,  and  is  also  resistant  to  organic  solvents  and  polar 


substances.  Above  175*F,  polypropylene  is  soluble  in  aro¬ 
matic  substances  such  as  toluene  and  xylene,  and  chlori¬ 
nated  hydrocarbons  such  as  trichloroethylene. 

12.3.2.6  POLYVINYL  CHLORIDE.  Folyvinyl  chloride 
<rVC)  mat-rials  can  be  formulated  to  provide  a  diverse 
combination  of  properties  ard  generally  arc  tough,  with 
high  inherent  strength  and  abrasion  resistance  and  excep¬ 
tional  chemical  resistance.  PVC  materials  can  be  broadly 
classified  as  either  rigid  or  flexible.  Rigid,  or  ur.plasticized, 
PVC  has  a  Shore  hardness  range  from  B75  to  B85,  similar 
to  hard  rubber.  Flexible,  or  plasticised,  PVC  has  elasto¬ 
meric  properties,  typically  in  the  Shore  hardness  range  of 
A50  to  A10G.  Polyvinyl  chloride  materials  have  found  only 
limited  application  in  aerospace  valves  due  primarily  to 
the  fact  that  the  more  corrosion-resistant  rigid  PVC  is 
rathe*  hard  and  unyie.ding.  making  it  generally  unsuitable 
for  sealing  applications.  The  addition  of  plasticizers  in  order 
to  obtain  rubber-like  characteristics  frequently  seriously 
degrades  the  chemical  resistance. 

12.3.2.7  POLYVINYLIDENE  CHLORIDE.  Vinylidene 
chloride  is  most  often  used  when  copolymerized  with  vinyl 
chlonde.  The  polyvinyiidene  chloride  copolymer  is  best 
known  as  a  film  or  fiber,  although  it  can  also  be  molded 
and  extruded.  In  the  extruded  form,  it  is  used  as  a  valve 
seal  material.  It  has  excellent  resistance  to  all  acids  and 
most  common  alkalies. 

12J.2.8  POLYVINYLIDENE  FLUORIDE.  Polyvinyiidene 
fluoride  is  a  material  which  is  characterized  by  toughness, 
which  means  the  material  has  a  good  combination  of  tensile 
strength,  elongation,  impact,  ard  abrasion  resistance.  Poly¬ 
vinyiidene  fluoride  is  resistant  to  most  corrosive  chemicals 
and  organic  compounds  including  acids,  alkalies,  strong 
oxidizers,  and  halogens. 

12.3.2.9  POLYVINYL  FLUORIDE.  Polyvinyl  fluoride  is 
characterized  by  an  exceptional  resistance  to  ultraviolet 
light,  solvents,  chemicals,  and  ils,  while  at  the  same  time 
remaining  tough,  flexible,  and  dimensionally  stable  over  a 
broad  temperature  range.  U  is  available  as  both  a  clear  and 
pigmented  film. 

12.3.2.10  POLYESTER.  The  term  polyester  covers  ,n  huge 
number  of  plastics,  most  of  which  are  laminating  and  cast¬ 
ing  resits;  however,  the  polyester  used  most  commonly  in 
fluid  component  applications  is  polyethylene  terephthalate 
film.  The  most  widely  known  polyester  Aim  is  Mylar,  manu¬ 
factured  by  the  du  Pont  Company.  This  material  is  a  clear, 
tough  film  having  good  elongation  and  impact  resistance. 
It  has  iow  moisture  absorption,  is  dimen:  ionally  stable 
under  extremes  ol  temperatures  and  humidity,  and  has 
excellent  resistance  to  acids,  greases,  oils,  and  oigani- 
solvents.  The  material  is  useful  for  diaphragm  applications, 
retaining  sufficient  flexibility  in  thin  sections  to  be  used  for 
diaphragm  applications  down  to  liquid  hydrogen  temper¬ 
atures  (  -423°F). 
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11.3  X.tt  CHLORINATED  POLYETHER.  Chlorinated 
polycther  has  an  outstanding  combination  of  mechanical 
properties  and  chemical  insistence.  It  has  pood  loaa-bearing 
characteristics  eml  excellent  abrasion  resistance. 

11.9.3.13  POLYIMIDS8.  Polyimldes  ar«  characterised  by 
physical  toughness  and  resistance  to  abrasion,  radiation, 
and  many  chemlcalr.  They  are  characterised  a.  extremely 
heat-stabla  polymers,  with  useful  temperatures  *.<  high  as 
1000*  F,  nnd  are  available  in  either  molded  shapes  or  thin 
films,  all  offerin';  unique  high  temperature  properties.  Poly- 
tmlde  film  has  excellent  mechanical  properties  throughout 
ft  wide  range,  from  liquid  helium  temperatures  ( — 423" F) 
to  as  high  as  1000*F.  It  tunks  among  the  toughest  poly¬ 
meric  films,  having  a  high  tensile  strength,  high  impact 
strength,  and  high  resistance  to  tear  initiation. 

<2.3.3.19  ACETAL.  Acetal  ie  a  hard  thermoplastic  whljh 
looks  and  feels  something  like  nylon.  The  material  is  highly 
crystalline,  making  it  one  of  the  strongest  and  stiffist 
plastics.  Ac-'tal  is  also  characterised  by  high  heat  resist¬ 
ance,  excellent  fatigue  life,  low  frictional  characteristics, 
good  creep  resistance,  and  resistance  to  organic  solvents. 
Abrasion  resistance  of  acetals,  although  not  as  gr  od  as  that 
of  nylons,  is  better  than  that  of  many  thermoplastics.  Acetal 
is  available  in  two  basic  types:  a  homopolymer  (du  Pout’s 
Delrtn)  and  a  copolymer  (Celanese’s  Cefcon).  Typical  ap¬ 
plications  of  acetal  include  gears,  bearings,  valve  scats, 
and  fittings. 

^2.4  PROPERTIES  OF  METALS 

Because  extensive  published  material  exists  on  metal  prop¬ 
erties,  this  handbook  includes  only  tables  giving  represent¬ 
ative  data  indicating  the  range  of  usefulness  of  various 
classes  of  metal  or  alloy  groups,  itcadily  available  sources 
on  detailed  metals  data  include  the  following: 

1.  KETALS  HANDBOOK  — VOL  I:  PROPERTIES 
AND  SELECTION  OF  METALS 

8th  jd.,  Metals  Park,  Ohio,  American  Society  for 
Metals,  1981,  1300  pp. 

2.  METALS  HANDBOOK  —  VOL  II:  HEAT  TREAT¬ 
ING,  CLEANING  AND  FINISHING 

8th  ed.,  Metala  Park,  Ohio,  American  Society  for 
Metals,  1964,  708  pp. 

3.  METALLIC  MATERIALS  AND  ELEMENTS  FOR 
AEROSPACE  VEHICLE  STRUCTURES 
Research  and  Technology  Division  (MAAE), 
Wrigh. -Patterson  Air  Force  Base,  Ohio  45433, 
MIL-HDBK-5A,  February  8,  1966  (see  latest 
change  notice).  (For  sale  by  Supt.  of  Documents, 
U.S.  Oovt.  Printing  Office,  Washington  D.C., 
20402.) 


4.  AEROSPACE  STRUCTURAL  METALS  HAND- 
BOOK  — VOL  1:  FLRROU8  ALLOYS*  ' 
Syracuse  Univ.  Research  Inst,  Syracuse,  N.  Y., 
Contr.  AF  33<6ie)-1184,  ProJ.  No.  7881,  Task  N'. 
738103,  March  1667,  620  pp. 

5.  AEROSPACE  STRUCTURAL  METALS  HAND¬ 
BOOK  -  VOL  II:  NON-FERROU8  LIGHT 
METAL  ALLOYS* 

Syracuse  Univ.,  Research  Inst.,  Syracuse,  N.Y., 
Contr.  AF  *3<«15>-11&4,  ProJ.  No.  7861,  Task  No. 
738103,  March  1967,  464  pp. 

6.  AEROSPACE  STRUCTURAL  METALS  HAND- 
BOOK  —  VOL  II A:  NON-FERROUS  HEAT 
RESISTANT  ALLOYS* 

Syracuse  Univ.,  Research  Inst.,  Syracuse,  N.Y., 
Contr.  AF  38(615)-1184,  ProJ.  No.  7381,  Task  No. 
738103,  March  1967,  380  pp. 

7.  MATERIALS  SELECTOR  TS8UE 

Materialt  Engineering,  V  70,  No.  R,  Mid-October 
1969,  516  pp.,  (annual). 

S.  CRYOGENIC  MATERIALS  DATA  HANDBOOK 
The  Martin  Co.,  Denver,  Colo.,  Contr.  AF  33(657)- 
9161,  ProJ.  No.  7391,  Task  No.  738106,  ML-TDR- 
64-280,  OTS  PB  171  800  (Rev.),  Supplement  3, 
AD  6SS  388,  March  1966,  745  pp. 

9.  Defense  Metals  Information  Canter,  Bnttelle 
Memorial  Institute,  Columbus,  Ohio  (branch  office, 
Los  Angeles,  California).  Publications  include 
Reports,  Memoranda,  Reviews  of  Recent  Develop¬ 
ments,  and  Technical  Notes. 

10.  Military  Standardisation  Handbooks,  designated 
as  MIL-HDBK-XXX,  prepared  for  Department  of 
Defense  by  Army  Materials  Research  Aijency, 
Watertown  Arsenal,  Watertown,  Mass.  02172. 

12.4.1  F«rroti»  Mfltals 

Typical  ranges  of  property  values  for  ferrous  alloys  are 
presorted  in  the  following  tables.  All  property  data  are  for 
room  temperature  unless  otherwise  specified. 


•More  recent  editions  of  Aerospace  Structural  Metals  Hand¬ 
book  are  available  from  Mechanical  Properties  Data  Center, 
13919  W.  Bay  Shore  Dr.,  Traverse  City,  Michigan  49684. 
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ISSUED)  FEBRUARY  1970 
SUPERSEDES)  MARCH  1967 


MATERIALS 


STAINLESS  STEELS 
AGE  HARDEN ABLE 


Table  12.4.1a.  PiopoiUoe  of  Am  Montana  bio  Stel.ileoe  ttoota  (Specific  Material  Types:  Stain- 
Mm  W,  17-4  H4, 17-7  m,  PH  18-7140,  AM  ISO,  AM  SM) 


PROPERTY 

VALUES 

Done  It  y,  lb /in  3 

0.276  -  0.282 

65-29 

Modulus  of  Elasticity 

In  Tonolon,  pal 

28  -  29  4  x  106 

65-29 

Specific  Strength,  in. 
(yield  otrength/donaity) 

812  x  103 

65-29 

Toneilo  Strength,  poi 

195  -  240  x  103 

65-29 

Yield  Strength,  pai 

173  -  225  x  103 

65-29 

Creep  Strength,  pai 

40  •  1000  (800OF) 

65-29 

Endurance  Limit,  pai 

Impact  Strength, 

Notched  laod,  ft /lb 

4  -  19 

65-29 

Hardneae,  Rockwell 

Elongation,  percent 

3  -  19 

65-29 

Thermal  Conductivity, 
Btu/ft2/hr/(°F/ft) 

8.87  -  10.4  (212°F 

65-29 

Coefficient  of  Thermal 
Expane  ion,  ln/in/°F 

5.  5  -  6.4  x  106  (68  -  212°F) 

65-29 

Specific  Heat,  Btu/lb  °F 

0. 11 

286-7 

Melting  Point,  °F 

2500  -  2550 

65-7.9 

Electrical  Reaiatlvity, 
microhm-in 

29  -  39 

65-29 

ISSUED:  FEBRUARY  1970 
SUPERSEDES:  MARCH  1M7 
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ALLOY  STEELS 


MATERIALS 


t*.  12.4.1b.  tstseagan Jr*  *"* 


PROPERTY 

VALUES  | 

REF. 

Density,  l'o  tin  3 

0.282 

m 

Modulus  of  Elasticity 

In  Tension,  pal 

29  •  30  x  106 

65-29 

Specific  Strength,  in. 
(ylald  strength/deneltyr 

821  x  103 

65-29 

Tensile  Stiength,  pai 

98  -  301  x  103 

65-29 

Yiald  Strength,  pai 

89  -250  x  103 

65-29 

Creep  Strength,  pai 

16  -  32  x  103  (1100°Fh  i  10  x  103  (700°F) 

206-7 

Endurance  Limit,  ;>e‘ 

Imptc.  Strength, 

Notched  laod,  ft /lb 

9  -  108 

65-29 

Hardness,  BrineM 

202  -  578 

S5-29 

Elongation,  percent 

10  -  28 

65-29 

Thermal  Conductivity, 
Btu/ftZ/hr/(°F/ft) 

21.7  -  38. 5  x  10'6 

65  -29 

Coefficient  of  Thermal 
Expaneion,  in/in/°F 

6.  3  -  8.6 

65-29 

Specific  Heat,  Btu/lb  F 

0.  10  -  0. 12 

65-29 

Melting  Point,  °F 

2600  -  2760 

65-29 

Electrical  Resistivity, 
microhm -in 

n°F  1100°F 

T —  TC — 

286-7 

12.4.1-3 


ISSUED  FEBRUARY  1970 
SUPERSEDES:  MARCH  1967 


MATERIALS 


AUSTENITIC  STAINLESS  STEELS 


Table  12.4.1c.  Propwrttat  of  At«atonKi«  Stalnteea  tteela,  Wrought  (tpaclflc.  Materia.  Typea: 

201.  202,  301. 102,  303,  304,  3041. 208,  302,  MM,  310,  3108,  318,  SUL, 
JIKI.C,  121, 247) 


PROPER iy 

1  VALUES 

REF. 

Denalty,  lb/ln3 

0.28  -  0.29 

65-29 

Modulus  of  Elnatlclty 

In  Tanaion,  pai 

28  -  29  x  10’ 

65-29 

Specific  Strength,  in. 
(yield  strengfh/denalty) 

483  x  10S 

65-29 

Tensile  Strength,  pal 

85  -  115  x  103  Annealed 

110  -  18b  x  103  CoM  Worked 

65-29 

Yield  Strength,  pai 

30  -  55  x  10  3  Annealed 

75  -  140  x  10*  Cold  Worked 

65-29 

Creep  Strength,  pal 

IS  -  25  x  ID3  (1000°F) 

65-29 

Fndurarce  Limit,  pal 

30  -  40  x  103  Annealed 

80  x  103  Cold  Worked 

65-29 

j  Impact  Strength, 

Notched  laod,  ft /lb 

80  -  110 

65-29 

Hardneaa,  Grinell 

150  -  170  Annealed 

240  Cold  Worked 

- .  . 1 

65-29 

Elongation,  percent 

45  -  *0  Annealed 

8  •  60  Cold  Worked 

65  -29 

Thermal  Conductivity, 
Btu/ft2/hr/(°F/ft) 

8.3  -  9.4  (212°F) 

65-29 

Coefficient  of  Thermal 
Expanalon,  m/ln/°F 

8.7  -  9.6  x  i0'6  (32  -  212°F) 

65-29 

Specific  Heat,  Btu/lb  °F 

0.12  (32  -  21’.°F) 

-29 

Melting  Point,  °F 

2500  -  2650 

65-29 

Electrical  Reaiativity, 
microhm -in 

e-4 

1 

65-29 

ISSUED)  PEBRUARV  19/0 
SUPERSEDES)  OCTOBER  IMS 
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CARBON  STEELS 


MATERIALS 


Tabic  12.4.  Id.  Properties  of  Carbon  Steel*  —  Hardaning  Grades  (Specific  Material  Types: 
Cl 030,  Cl 040,  C10S0,  C1060,  C1080,  C109S,  C1137,  C1141,  'll  144) 


PROPERTY 

VALUES 

REP. 

Density,  lb/in^ 

0.282 

65-29 

Modulus  of  Elasticity 
in  Tension,  psi 

29  -  30  x  106 

65-29 

Specific  Strength,  in. 
(yield  strength /density) 

502  x  103 

65-29 

Tensile  Strength,  psi 

75  -  237 

65-29 

Yield  Strength,  psi 

58  -  188 

65-29 

Creep  Strength,  psi 

Endurance  Limit,  psi 

Impact  Strength, 

Notched  Ixod,  ft/lb 

5-22 

65-29 

Hardness,  Brinell 

174  -  495 

65-29 

Elongation,  percent 

6  -  33 

65-29 

Thermal  Conductivity, 

Btu/ft3/hr/(°F/ft) 

27 

65-29 

Coefficient  of  Thermal 
Expansion,  in/in/°F 

6.7  -  8.4 

65-29 

SpeciPc  Heat  Btu/lb  °F 

o 

o 

1 

© 

>— • 

65-29 

Melt.ng  Point,  °F 

2700  -  2775 

65-29 

Electrical  Resistivity, 
microhm-in 

56-75 

65-29 

12.4.1-5 


ISSUED  FEBRUARY  1970 
SUPERSEDES:  OCTOBER  1965 


MATERIALS 


FERRITIC  STAINLESS  STEELS 


TsbJ*  12.4.1*.  Properties  of  Ferritic  Stainless  Steel*,  Wrought  (Specific  Material  Type*:  409, 
430,  530F,  449) 


PROPERTY 

VALUES 

REF. 

Density,  lb/.n3 

0.27  -  0.28 

65-29 

Modulus  of  Elasticity 
in  Tension,  psl 

29  *  106 

65-29 

Specific  Strength,  in. 
(yield  strength /density) 

286  x  103 

65-29 

mg— 

6b  -  85  x  103  Annealed 

75  -  90  x  103  Cold  Worked 

65-29 

Yield  Strength,  psi 

35  -  55  x  103  Annealed 

45  -  80  x  103  Cold  Worked 

65-29 

Creep  Strength,  psi 

6000  -  8500  (1000°F) 

65-29 

Endurance  Limit,  psi 

1 

Impact  Strength, 

Notched  Ixod,  ft/lb 

2-25  Annealed 

65-29 

Hardness,  Brinell 

137  -  185  Annealed 

185  Cold  Worked 

65-29 

Elongation,  percent 

20  -  30  Annealed 

15-25  Cold  Worked 

65-29 

Thermal  Conductivity, 
Btu/ftZ/hr/(°F/ft) 

10  -  15  (212°F) 

65-29 

■ 

Coefficient  of  Thermal 
Expansion,  in/in/°F 

6  x  10'6  (32  -  212°F) 

65-29 

Specific  Heat,  Btu/lb°F 

0.11  -  0.  12  (32  -  212°F) 

65-29 

Melting  Point,  °F 

2600  -  2800 

65-29 

Electrical  Resistivity, 
microhm -in 

23  -  27 

65-29 

ISSUED:  FEBRUARY  1970  1J  4.1-S 

SUPERSEDES:  OCTOBER  1965 


HIGH  TEMPERATURE  STEELS 


MATERIALS 


TaWa  12.4.  if.  Propartlaa  of  High  Tamparaiura  Stasis,  Wrought  (tpaclfk  Material  Typas: 

Maitansitic  StalnWsa,  4 22,  1420WM,  1419NW,  14J0MV,  utm  Alloy,  Chrom- 
alloy,  17-22  AS) 


PROPERTY 

VALUES 

REF. 

Density,  lb/in3 

0.281  -  0.285 

65-29 

Modulus  of  Elasticity 

1 1  Tern  ion,  pal 

29  -  31.5  x  106 

65-29 

Specific  Strength,  in. 
(yield  atrength/density) 

Othera 

Chromalloy,  17 -22  AS 

65-29 

Tensile  Strength,  pai 

160  -  235  x  103  (HfcT) 

140  -  150  x  103  (HfcT) 

Yield  Strength,  pai 

125  -  186  x  103  (HfcT) 

1*7  -  127  x  103  (HfcT) 

65-29 

Creep  Strength,  pai 

1000°F  1200°F 

600°F  1350°F 

286-7 

50-70  x  103  17-35  x  10^ 

130-150  x  103  3-26  x  103 

Endurance  Limit,  pai 

Impact  Strength, 

Notched  Ixod,  ft/lb 

10  -  20  (HfcT) 

30  (HfcT) 

65-29 

Hardneae,  Rockwell 

Elongation,  percr-  ' 

8-17 

65-29 

Thermal  Conductivity, 
Btu/ftZ/hr/(°F/ft) 

15  -  18  (80fi°F) 

70°F  1200°F 

18.8  16.5 

65-29, 

286-7 

Coefficient  of  Thermal 
Expansion,  in/in/  F 
(70  -  1000’F) 

6.3  -  6.5  x  10~6 

7.8  -  7.9  x  10-6 

65-29 

Specific  Heat,  Btu/lb°F 

0.  11 

286-7 

Meltinp  Point,  °F 

2600  -  2700 

2700  -  2750 

65-29 

Electrical  Resistivity, 
microhm-in 

. 

700°F  800°F  900°F 

24.  3  23.9  23.7 

286-7 

12.4.1  7 


ISSUED:  FEBRUARY  1970 
SUPERSEDES:  MARCH  19S7 


MATERIALS 


IRON  BASE  SUPERALLOYS 


TiMt  12.4.1c.  Prope-tie*  of  Iron  Bam  Sups/ailoys  (Cr-NI),  Wrought  (Specific  Material  Typo*: 

*  lSSSTunltofiip  212.  WS4B,  Dlscaby.  D-979.  A-2M,  V*7,  16-25-4,  ta'otoy 


Ml) 


% 

PROPERTY 

VALUES 

REF. 

Density,  lb /in  3 

0.285  -  0.296 

65-29 

Modulus  of  Elasticity 
in  Tension,  psi 

28.2  -  30.0  x  106 

65-29 

Specific  Strength,  in. 
(yield  rtrength/deneity) 

495  x  10 

65-29 

Tensile  Strength,  psi 

142  -  150  x  103  iDiaaloy,  A-286,  16-25-6), 

114  x  103  (19-9  DL),  172  -  204  x  !03  (others) 

65-29 

Yield  Strength,  psi 

100  -  146  x  103,  71  x  103  (19-9  DL) 

65-29 

Creep  Strength,  psi 

19  -  30  x  103  A-286  and  16-25-6  (1200°F) 

65-29 

Endurance  Limit,  psi 

38  -  60  x  103  (1200°F,  108  cycles) 

65-29 

Impact  Strength, 

Notched  Isod,  ft /lb 

15  (16-25-6),  64  (A-286) 

30-46  (19-9  DL,  Unitemp  212,  W545,  Discaloy) 

65-29 

Hardness,  Brinell 

24  -  32  (Aged) 

286-7 

Elongation,  percent 

15-7.5,  41  (19-9  DL) 

65-29 

Thermal  Conductivity, 
Btu/ft2/hr/(°F/ft) 

12.2  -  15  (212  -  1800°F) 

65-29 

Coefficient  of  Thermal 
Expansion,  in/in/°F 

9.2-10.7*  10"6  (  80  -  1400°F) 

65-29 

Specific  Heat,  Btu/lb°F 

0.10  -0.11 

65-29 

Melting  Point,  °F 

2200  -  2700 

65-29 

Electrical  Resistivity, 
microhm-in 

36  -  4i  (120  -  212°F) 

65-29 

ISSUED  FEBRUARY  1970  1  2.4.1-8 

SUPERSEDES:  MARCH  19€7 


IRON  BASE  SUPERALLOYS 


materials 


Table  12.4. lh.  Properties  of  Iron  Bate  Superalloys  (Cr-NI-Co),  Cast,  Wrought  (Specific  Mata* 
rial  Types:  Multlmet,  N-155,  Refracts  toy  26,  8-590) 


PROPERTY 

VALUES 

REF. 

Density,  lb /in 3 

0.296  -  0.301 

65-29 

Modulus  of  Elasticity 
in  Tension,  psi 

28.8  -  31.1  x  106 

65-29 

Specific  Strength,  in. 
(yield  etrength/deneity) 

307  x  103 

65-29 

Tensile  Strength,  psi 

118  -  154  x  103 

65-29 

Yield  Strength,  psi 

58  -  91  x  103 

65-29 

Creep  Strength,  psi 

15  -  37  x  103  ( 1 350°F) 

65-29 

Endurance  Limit,  psi 

33  -  37  x  103  (1500°F,  10®  cycles) 

65-29 

Impact  Strength, 

Notched  Ixod,  ft /lb 

12  -  18 

65  (Multlmet,  N-155) 

65-29 

Hardness,  Rockwell 

Elongation,  percent 

19  -  40 

65-29 

Thermal  Conductivity, 
Btu/f£2/hr/(°F/ft) 

Coefficient  o £  Thermal 
Expansion,  in/in/°F 

8.0  -  9. 1  x  10'6  (70  -  1000°F) 

65-29 

Specific  Heat,  Btu/lb  °F 

0.  10  (70  -  212°F) 

65-29 

Melting  Point,  °F 

2350  -  2500 

65-29 

Electric  1  Resistivity, 
microhrn-in 

12.4  1  9 


ISSUED:  OCTOBER  1965 


MATERIALS 


MARTENSITIC  STAINLESS  STEELS 


TaWe  12.4.11.  Properties  of  Martensitic  Stainless  FCoels,  Wrought  (Specific  Material  Types: 
403,  410,  414,  416,  420,  431,  440A,  4400,  440C,  BOl/Soi) 


PROPERTY 

values 

REF. 

Danaity,  lb /in'* 

0.28 

65-29 

Modulus  of  Elasticity 
in  Tanaion,  psi 

29  x  106 

65-29 

Specific  Strength,  in. 
(yiald  strength /danaity) 

982  x  103 

65-29 

Tanaila  Strength,  psi 

65  -  125  x  103  Annealed 

90  -  285  x  103  HfcT 

65-29 

Yiald  Strength,  pai 

403,  410,  416,  420,  501,  502  -  25-65  x  103-Annealed 

60-145  x  10,  HfcT 

414,  431,  440A.B.C  -  60-105  x  103  Annealed 

95-275  x  103  HfcT 

65-29 

Creep  Strength,  pai 

9.  2  x  103  (1000°F) 

65-29 

Endurance  Limit,  pai 

35  -  40  x  103  Annealed 

65-29 

Impact  Strength, 

Notched  Isod,  ft /It 

440A,B,C  Others 

2  Annealed  51) -90  Annealed 

2-4  HfcT  20-75  HfcT 

65-29 

Hardline,  Brinell 

150  -  250  Annealed 

180  -  580  HfcT 

65-29 

Elongation,  percent 

440A,  B,  C  Others 

l4-!20  Annealed  14-37  Annealed 

2-3  HfcT  8-30  HfcT 

65-29 

Thermal  Conductivity, 
Btu/ftZ/hr/(°F/ft) 

a 

10  -  20  (212°F) 

65-29 

Coefficient  of  Thermal 
Expansion,  in/in  /°F 

5.5  -  6.  5  x  I0“6  (32  -  *12°F) 

65-29 

Specific  Heat,  Btu/lb  °F 

0.11  (32  -  212°F) 

65-29 

Melting  Point,  °F 

2500  -  2800 

65-29 

Electrical  Reeistivity, 
microhm -in 

16  -  27 

65-29 

! 

ISSUED:  FEBRUARY  1970 
SUPERSEDES:  OCTOBER  1965 


12.4.1-10 


MATERIALS 


ULTRA  HIGH  STRENGTH  STEELS 

i 


T«M*  12.4.  If.  *«perbe«  of  Ultra  High  Strength  •*(**,  Wrought  (Specific  *■*•**•  Types: 

MoSfM  M  il.  MX-2,  JOO-M,  D4A,  4340,  2S  ML  20MI,  lt-NI)  Vnccjrt  1000, 


Unlmoch  l. 


PROPERTY 

VALUES 

REF. 

Density,  lb /in  5 

0.273  -  0.293 

65-29 

Modulus  of  Elasticity 
in  Ttniim,  pai 

24  -  30  x  106 

65-29 

Specific  Strength,  in. 
(yield  strength /density) 

880  x  103 

65-29 

Tensile  Strength,  pei 

273  -  320  x  103  (HLT) 

65-29 

Yield  Strength,  psi 

240  -  290  x  103  (HltT) 

65-29 

Creep  Strength,  pai 

700°F  1000°F 

200-270  x  103  35-95  x  103 

286-7 

Endurance  Limit,  pai 

110  -  140  x  103  (10fe  cycles) 

65-29 

impact  Strength, 

Notched  Isod,  ft/lb 

15  -  23  (HltT) 

65-29 

Hardness,  Rockwell 

60 

286-7 

Elongation,  percent 

6-12  (HfcT) 

65-29 

Thermal  Conductivity, 
Btu/ft2/hr/(°F/ft) 

16  -  17 

286-7 

Coefficient  of  Thermal 
Expansion,  in/in/°F 

5.6  -  7.4  .;  10"6 

65-29 

Specific  Heat,  Btu/lb  °F 

0.  11 

286-7 

Melting  Point,  °F 

2500  -  2600 

286-7 

Electrical  Resistivity, 
mic  rohm-in 

12.4.1-11 


ISSUED:  MARCH  1967 
SUPERSEDES:  OCTOBER  1365 


MATERIALS 


NONFIIMOUt  METALS 
ALUMINUM 


12.4.2  Nonferrous  Metals 

Typical  ranges  of  property  value*  for  nonferrou*  alloy*  are 
presented  in  the  following  table*.  Value*  given  are  for  room 
temperature  unle**  otherwise  indicated. 


Table  12.4.2a.  Progsrtlos^ci  Aluminum  and  it*  Alloy  j,  Cast  (Specific  Material  Types:  10*. 


PROPERTY 

VALUES 

REF. 

Density,  lb/ln3 

0.10 

65-29 

Modulus  of  Elasticity 
in  Tension,  p*i 

10  -  10.  6  x  106 

65-2) 

Specific  strength,  in. 
(yield  strength/deneity) 

240  x  103 

65-29 

Tensile  Strength,  pal 

21  -  35  x  103  as  cast 

65-29 

Yield  Strength,  pei 

14  -  24  x  103  as  cast 

65-29 

Creep  Strength,  psi 

Endurance  Limit,  psi 

Cast  Wrought 

13,500  24,000 

547-5 

Impact  Strength, 

Notched  laod,  ft /lb 

Hardness,  Brlnell 

45  -  75  as  cast 

65-29 

Elongation,  percent 

2.0  -  3.0  as  cast 

65-29 

Thermal  Conductivity, 
Btu/ft2/hr/(°F/fti 

65-29 

Coefficient  of  Thermal 
Expansion,  ln/in/°F 

12  -  14  x  10~*  (68  -  212°F) 

65-29 

Specific  Heat,  Btu/lb°F 

0.22  -  0.23 

65-29 

halting  Point,  °F 

910  -  1195 

6529 

Electrical  Resistivity, 
microhm -in 

1.1  -  2.5 

65-29 

ISSUED:  FEBRUARY  1*70 
SUPERSEDES:  MARCH  1967 


12.4.2-1 


ALUMINUM 
ALUMINUM  ALLOYS 


MATERIALS 


Table  17.4.2b.  Properties  of  Aluminum  and  It*  Alleys,  Cast  (Specific  Material  Types:  358, 
C355,  396,  A356,  327) 


PROPERTY 

VALUES 

REF. 

Density,  lb/in* 

0.  10 

65-29 

Modulus  of  Elasticity 
in  Tension,  psi 

10  -  10.6  x  106 

65-29 

Specific  Strength,  in. 
(yield  strength/drnaity) 

400  x  103 

65-29 

Tonsils  Strength,  psi 

40  -  50  x  103  Solution  Treated  and  Agad 

65-29 

Yield  Strength,  pei 

27  -  40  x  103  Solution  T rested  and  Aged 

65-29 

Creep  Strength,  psi 

400°F  600bF 

9  -  10  x  103  2  -  3.  5  x  103 

286-6 

Endurance  Limit,  psi 

10  -  13  x  103  (5  x  106  cycles)  Solution  Traatad 
.  ■  Asad 

65-29 

Impact  Strength, 

Notched  Isod,  ft /lb 

Hardness ,  Brine  11 

80  -  100  Solution  Treated  and  Agad 

65-29 

Elongation,  percent 

2-10  Solution  Treated  and  Aged 

65-29 

Thermal  Conductivity, 
Btu/ftZ/hr/(°F/ft) 

60  -  90  Solution  Treated  and  Aged 

65-29 

Coefficient  of  Thermal 
Expansion,  in/in/rF 

12  x  10-6  (68  -  212°F) 

65-29 

Specific  Heat,  Btu/lb°F 

0.22  -  0.23 

65-29 

Melting  Point,  °F 

910  -  1195 

65-29 

Electrical  Resistivity, 
microhm -in 

1.6-  1.9 

266-8 

12.4.2  2 


ISSUED  FEBRUARY  1970 
SUPERSEDES:  MARCH  1967 


MATERIALS 


ALUMINUM 
ALUMINUM  ALLOYS 


Tabic  12.4.2c.  Propartiea  of  Aluminum  and  Ita  Alloy*.  Wrought  (Specific  Material  Type*: 
SOtST SOM,  BOSS,  BOSS,  8484,  S0S1) 


PROPERTY 

VALUES 

Rrr. 

Danaity,  lb  'in3 

0.095  -  0.098 

65-29 

Modulua  of  Elaaticlty 
in  Tension,  pal 

10.0  -  10.  3x  106 

65-29 

Specific  Strength,  in. 
(yield  atrength/density) 

S10  x  103 

65-2? 

Tanaile  Strength,  pai 

6061 

65-29 

28  -  45  x  10*  Annealed 

38  -  60  x  i03  Hard 

18  x  10*  AnntAlAd 

Yield  Strength,  pai 

13  -  22  x  103  A  .mealed 

26  -  50  x  10*  Hard 

8  x  103  Annealed 

65-29 

Craap  Strength,  pai 

200°F  400°F 

20  x  103  5  x  i03 

200°F  500°F 

40  x  103  6-18  x  103 

286-8 

Endurance  Limit,  pai 

16  -  20  x  103  Annealed 

20  -  22  x  103  Hard 

9  x  103  Annealed 

65-29 

Impact  Strength, 

Notched  Iaod,  ft/lb 

Hardnean,  Brinell 

47  -  65  Annealed 

70  -  100  Hard 

30  Annealed 

65-29 

Elongation,  percent 

22  -  35  Annealed 

7-15  Hard 

65-29 

Thermal  Conductivity, 
Btu/ft"'/hr/(°F/ft) 

68  -  30 

68-29 

Coefficient  of  Thermal 
Expanaion,  ln/in/°F 

13. 1  -  13.4  x  10“6  (68  -  212°F) 

65-29 

Specific  Heat,  Btu/lb  °F 

0.22  -  0.26  (212°F) 

65-29 

Melting  Point,  °F 

1055  -  1200 

65-29 

Electrical  Resistivity, 
microhm 'in 

1.9  -  2.3  1.5  j 

65-29 

ISSUED:  FEBRUARY  i970 
SUPERSEDES:  MARCH  1!>67 


12.4.2-3 


ALUMINUM 
ALUMINUM  ALLOYS 


MATERIALS 


TaWe  12.4.3d.  Propertie*  of  Aluminum  and  tta  Alloy*,  Wrought  (Specific  Materiel  Type*: 
2014,  2024,  2219,  7079,  7079,  7179) 


PROPERTY 

VALUES 

REF. 

Dona  It  y,  lb /In1 

0.099  -  0. 103 

65-29 

llodulua  of  Flaaticity 
in  Tanaion,  pal 

10.0  -  10.6  x  106 

65-29 

Specific  Strangth,  in. 
(yield  atrangth/danaity) 

2014,  2024,  2219 

7075,  7079.  7178 

65-29 

600  x  10* 

780  x  103 

Tanaila  Strangth,  pal 

25-27  x  10*  Annealed 

62-70  x  103  Haat  Treated 

33  x  I03  Annealed 

78-88  x  103  Heat  Treated 

65-29 

Yiald  Strangth,  pal 

10-14  x  10*  Annealed 

42-60  x  103  Haat  Treated 

ii  x  103  Annealed 

68-78  x  10 ’  Heat  Treated 

65-29 

Craap  Strangth,  pai 

13  x  103  (400°D 

6  x  103  (400°F) 

65-29 

Endurance  Limit,  pai 

13  x  103  Annealed 

15-20  x  103  Haat  Treated 

23  x  103  Heat  Treated 

65-29 

Impact  Strangth, 

Notchad  laod,  ft/lb 

Hardneaa,  Brinell 

45-47  x  10 3  Annealed 
1C5-130  x  103  Heat  Treated 

60  x  103  Annealed 

145-160  Heat  Treated 

m 

Elongation,  percant 

18  -  20  Heat  Treated 

15  -  17  Annealed 

11-14  Heat  Treated 

65-29 

Thermal  Conductivity, 
Btu/ft2/hr/(°F/ft) 

100  111 

70 

6  -29 

Coefficient  of  Thermal 
Ettpananon,  in/in/°F 

6  o  i 

12.4  -  13.1  x  10'°  <<S8  -  212°F) 

65  -29 

Specific  H.«at,  Btv/lb°F 

0.23 

65-29 

Melting  Point,  °F 

890  -  1205 

65-29 

Electrical  Reeiativity, 
microhm-in 

1. 5  -  2.  2 

65-29 

12.4.2  4 


issued  eebrupry  j97o 

SUPERSEDES:  OCTOBER  1965 


MATERIALS 


ALUMINUM 
ALUMINUM  ALLOYS 


Table  12.4.2*.  Properties  of  Aluminum  and  Its  Alloys,  Wrought  (Specific  Msterisl  Typos: 
1060,  1100,  2001,  3004) 


PROPERTY 

VALUES 

REF. 

Density,  lb/in^ 

0.098  -  0.099 

65-29 

Modulus  of  Elasticity 
in  Tension,  poi 

10  x  106 

65-29 

Specific  Strength,  in. 
(yield  strength/density) 

370  x  10 3 

65-29 

Tensile  Strength,  psi 

10  -  26  x  103  Annealed 

19  -  41  x  103  Hard 

"  65-29 

Yield  Strength,  psi 

4  -  10  x  103  Annealed 

18  -  36  x  103  Hard 

65-29 

Creep  Strength,  psi 

Endurance  Limit,  psi 

3  -  14  x  10 3  Annealed 

6.5  -  16  x  103  Hard 

65-29 

Impact  Strength, 

Notched  Isod,  ft/lb 

Haidness,  Brinell 

19-45  Annealed 

35  -  77  Hard 

65-29 

Elongation,  percent 

20  -  45  Annealed 

5  -  15  Hard 

65-29 

Thermal  Conductivity, 

Utu/ft2/hr/(°F/ft) 

93.8  -  135 

65-29 

Coefficient  of  Thermal 
Expansion,  in/in/°F 

12.9  -  13.  3  x  10‘6  (68  -  212°F} 

65-29 

Spr  ,-ific  Heat,  Btu/lb°F 

0.22  (212°F) 

65-29 

Melting  Point,  °F 

1165  -  1215 

65-29 

Electrical  Resistivity, 
microhm -in 

- i 

1. 1  -  1. 6 

65-29 

ISSUED:  I'fORUARV  1970 
SUPERSEDES:  OCTOBER  1965 


12.4.2  5 


BERYLLIUM  COPPER 


MATERIALS 


Tabl«  12.4. 2f.  Properties  o <  Beryllium  Copper,  Wrought 


PROPERTY 

VALUES 

m 

Density,  lb/in 3 

0.296  -  0  298 

65-29 

Modulus  of  Elasticity 
in  Tension,  psi 

19  *  106 

65-29 

Specific  Strength,  in. 
(yield  strongth /density) 

Solution  Annealed 

Annealed  and  Heat  Treated 

65-29 

84  -  118  x  103 

Tensile  Strength,  psi 

60  -  80  x  103 

165  -  185  X  103 

65-29 

Yield  Strength,  psi 

25  -  35  x  103 

130  -  150  x  103 

65-29 

Endurance  Limit,  psi 

3C  -  40  x  103  (108  cycles) 

65-29 

Impact  Strength, 

Notched  J so r,  ft/lb 

1  Hardness,  Rockwell 

Solution  Annealed 

Annealed  and  Heat  Treated 

65-29 

50  -  65B 

36  -  41C 

r 

!  Elongation,  percent 

35-50 

3  -  12 

O' 

N 

l 

la) 

'O 

_ 

Thermal  Conductivity, 
Btu/ftZ/hr/(°F/ft) 

iOO  -  110  (Heat  Treated) 

65-29 

Coefficient  of  Thermal 
Expansion,  »:./in/°F 

9.  3  x  10  (6b  -  572°F) 

65-29 

Specific  Heat,  Btu/lb°F 

0. 10  (86  -  212°F) 

65-29 

Melting  Point,  °F 

1600  -  1800 

65-29 

Electrical  Resistivity, 
microhm -in 

1.90  -  2.29 

65-29 

52.4.2  6 


ISSUED:  OCTOBER  19f5 


MATERIALS 


COBALT  BASE  SUPER  ALLOYS 


Table  12.4.2c.  fropm Hee  of  Cebott  l*u  •'.per  Alloys,  Cut,  Wrought  (Aoodflc 
Typss:  HA-21,  HA-31,  X-40,  NnifcO,  J1W0,  HA  181,  #182) 


PROPERTY 

VALUES 

REF. 

Density,  >b/in3 

0. 30  -  0.  33 

65-29 

Modulus  of  Elasticity 
in  Tension,  psi 

30  -  36  x  106 

65-29 

Specific  Strength,  in. 
(yield  strength.'density) 

384  x  10 3 

65-29 

Tensile  Strength,  psi 

100  -  170  x  103 

65-29 

Yield  Strength,  psi 

75  -  115  x  103 

69-29 

1  Creep  Strength,  psi 

1500°F  2000°F 

16  -  25  x  103  4  -  6.  5  x  103 

286-9 

Endurance  Limit,  psi 

35  -  50  x  103  <10S  cycle*) 

63-29 

Impact  Strength, 

Notched  laod,  ft /lb 

o 

fO 

1 

>o 

65-29 

Hardness,  Rockwell 

C3C  -  C%0 

65-29 

Elongation,  percent 

2-15 

65  29 

Thermal  Conductivity, 
Btu/ft2/hr,'(°F/ft) 

12  -  16  (1000°F) 

65-29 

Coefficient  of  Thermal 
Expansion,  in/in/°F 

8  -  9  x  lO'6  (70  -  1 500°F) 

65-29 

Specific  Heat,  Btu/lb  °F 

0.09  x  0.12 

65-29 

Melting  Point,  °F 

2400  -  2550 

65-29 

Electrical  Resistivity, 
microhm-in 

9-38 

65-29 

ISSUED  MARCH  1»G7 
SUPERSEDES:  OCTOBER  19«5 


12.4.2-7 


COBALT  BAN  SUPER  ALLOYS 


MATERIALS 


TaMt  12.4.2*.  PioomVm  of  Cotoll  too*  tupar  Atoya,  Wrought  (SpadAc  Matarwl  Typaa: 
i-lU,  V  M.  Haynes  Alloy  28,  L-808) 


PROPERTY 

VALUES 

REF. 

Density,  lb/in3 

0.30  -0.33 

65-29 

Modulus  of  Elasticity 
in  Tension,  psi 

30  35  x  10* 

65-29 

Specific  Strongth,  in. 
(yield  strength/density) 

365  x  103 

65-29 

Tensile  Strength,  psi 

101  -  165  x  103  Solution  Treated  and  Aged 

65-29 

Yield  Strength,  pei 

67  -  113  x  10  Solution  Treated  and  Aged 

65-29 

Creep  Strength,  psi 

1350°F  1800°F 

-  - 

30  -  40  x  10  5  -  12  x  10 

286-9 

Endurance  Limit,  psi 

30  -  40  x  103  (108  cycles  @  1200°F) 

65-29 

Impact  Strength, 

Notched  Imod,  ft/lb 

Hardness,  Rockwell 

Clongat.on,  percent 

20  -  60 

65-29 

Thermal  Conductivity, 
Btu/ft2/hr/(°F/ft) 

12.0  (1700°F) 

65-29 

Coefficient  of  Thermal 
Expansion,  in/in/°F 

9.1-9.4x10"*  (70  -  1800°F) 

65-29 

Specific  Heat,  Btu/lb°F 

0.09  -  0.  12  (70  -  1 300°F) 

65-29 

Melting  Point,  °F 

2300  2550 

65-29 

electrical  Resiativ.ty, 
microhm -in 

36  -  75 

65-29 

MATERIALS  MAGNESIUM  ALLOYS 


Table  42.4.21.  Propartto  of  Magimium  Altova,  Wrought  (Specific  Malarial  Type*:  AZ31B-F, 
AZ61A-F,  AZB0AT5,  ZK60A  T5,  <P)ZK«OB-TB,  ZK21A-F,  ZE10A  H24, 
AZ31B-H24,  HK31A  H24,  HM21A-TS,  HM31A-T5) 


PROPERTY 

/ALUES 

REF. 

Density,  lb /in  3 

0.064  -  0.065 

65-29 

Modulus  of  Elasticity 
in  Tension,  psi 

6.5  x  106 

65-29 

Specific  Strength,  in. 
(yield  strength /density) 

625  x  103 

65-29 

Tensile  Strength,  psi 

35  -  50  x  103 

65-29 

Yield  Sti ength,  psi 

20  -  40  x  103 

65-29 

Creep  Strength,  psi 

1.0  -  20.0  x  103  (300°F) 

65-29 

Endurance  Limit,  psi 

16  -  25  x  103  (10*  cyclea) 

65-29 

Impact  Strength, 

Notched  Iaod.  ft /lb 

o 

1 

o 

65-29 

Hardness,  Brinell 

45  -  80 

65-29 

Elongation,  percent 

6-19 

65-29 

Thermal  Conductivity, 
Btu/ft2/hr/(°F/ft) 

30  -  80 

65-29 

Coefficient  of  Thormal 
Expansion,  in/in/°F 

14  -  16  x  10'6 

65-29 

Specific  Heat,  Btu/lb°F 

0.245 

ra 

Melting  Point,  °F 

900  -  12U0 

65-29 

Electrical  Resistivity, 
microhm -in 

1.95  -  5.90 

65-29 

ISSUED  FfcbRUARY  1970 
SUPERSEDES:  OCTOBER  1965 
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MOLYBDENUM 
MOLYBDENUM  ALLOYS 


MATERIALS 


Tatota  12.4.2L  Properties  of  Molybdenum  and  Its  Alloys,  Wrought  (SpecHfe  Matarial  Typaa: 
^  Mo.0.9  Tt,  17M) 


PROPERTY 

VALUES 

Density,  lb/in3 

0.  37 

Modulus  of  Elasticity 
in  Tension,  psi 

46  x  106 

Specific  Strength,  in. 
(yield  streugth/density) 

284  x  10  3 

Tensile  Strength,  psi 

95  -  125  x  103 

Yield  Strength,  psi 

82  -  105  x  103 

Creep  Strength,  psi 

1800°F  4400°F  Mo.  0. 5  Ti.  TZM 

Endurance  Limit,  psi 

Impact  Strength, 

Notched  I*od.  ft /lb 

Hardness,  VHN 

250  -  325  Cold  Worked 

Elongation,  percent 

15  -  20 

Thermal  Conductivity, 
Btu/ft2/hr/(°F/ft) 

Coefficient  of  Thermal 
Expansion,  in/in/°F 

3  x  10‘6 

Specific  Heat,  Btu/lb°F 

ID 

N© 

O 

i 

>C 

© 

Meltinj  Point,  °F 

4750 

Electrical  Resistivity, 
microhm-in 

2.9 

REF. 


65-29 


65  -29 


65-29 


65-29 


65-29 


286-9. 

554-1 


65-29 


65-29 


65-29 


65-29 


65-29 


65-29 

! - 

65-29 
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ISSUED  FEBRUARY  1970 
SUPERSEDES:  MARCH  1967 


MATERIALS 


NICKEL 
NICKEL  ALLOYS 


Tabic  12.4.2k.  Properties  of  Nickel  and  Ms  Altovs,  Cast  (Specific  Material  Type*:  Nickel  210 
(Nickel),  Inconel  CIO  (I*k.  el).  Inconel  709  (t  Inconel),  Monel  411  'Moml), 
and  Monel  905  (S  Monel) 


PROPERTY 

VALUES 

REF. 

Density,  lb/in^ 

0.292  -  0.  312 

65-29 

Modulus  of  Elasticity 
in  Tension,  psi 

19  -  25  x  106 

65-29 

Specific  Strength,  in. 
(yield  strength  /density) 

381  x  103 

65-29 

Tensile  Strength,  psi 

30  -  145  x  IQ3  Annealed  and  Aged 

170  -  190  x  103  Annenled  and  Age  Hardened 

65-29 

Yield  Strength,  psi 

12  -  65  x  103  Annealed 

90  -  120  x  10^  Annealed  and  Age  Hardened 

65-29 

Creep  Strength,  pei 

Endurance  Limit,  psi 

Impact  Strength, 

Notched  Iaod,  ft/lb 

4  Monel  505  60  -  70  others 

65-29 

Hardness,  Brinell 

80  -  380 

Elongation,  percent 

1-4  Inconel  705  and  Monel  505 

10  -  45  others 

65-29 

Thermal  Conductivity, 
Btu/ft2/hr/(°F/ft) 

9  -  34  @  21 2°F 

65-29 

Coefficient  of  Thermal 
Expansion,  in/in /°F 

8.9  -  9.1  x  10'6  (70  -  1400°F) 

65-29 

Specific  Heat,  Btu/lb°F 

0.  .'1  -  0.13  (60  -  750°F) 

65-29 

Melting  Point,  °F 

2300  -  2600 

65-29 

Electrical  Resistivity, 
microhm-in 

20.9  -  25.7  Monel  411  and  Monel  505, 

4.6-  8.2  othera 

65-29 

ISSUED:  FEBRUARY  1970 
SUPERSEDES:  OCTOBER  1965 


12.4.2-1! 


NICKEL 

NICKEL  ALLOYS 


MATF  <IALS 


TaMe  12.4.21 


Properties  of  Nleltel  and  Its  Altovs,  Wrouaht  (Specific  Material  Typee:  Ntekot 
200  (A  NteStel)  and  201  (NteM>,  Duraifed  iOl  (Duranfckel),  Monel  400 
(Mone^,  Mono!  K-BOO  (K  Monet) 


PROPERTY 

VALUES 

REF. 

Density,  Sb/in* 

0,  298  -  0.231 

65-29 

Modulus  of  Elasticity 
in  Tension,  pei 

26  -  30  x  106 

65-29 

Specific  Strength,  in. 
(yield  strength/de. isity) 

218  x  103 

65-29 

Tensile  Strength,  p-u 

50  -  105  x  103  Annealed 

130  -  190  x  103  Annealed  and  A^e  Hardened 

65-29 

Yield  Strength,  psi 

12  -  30  x  103  Annealed  Ni  200  and  201 

25  -  65  x  10J  Annealed  for  others  listed 

65-29 

C  reep  Strength,  pei 

900°F  H00°F 

- r  - y 

30  -  70  X  10  20  -  35  x  10 

286-9 

Endurance  Limit,  psi 

50  x  10  (10  cycles)  Cold  Drawn 

65-29 

Impact  Strength, 

Notched  Izod,  ft / 1 1 > 

26  -  120  + 

286-9 

Hardness,  Rockwell 

55  -  9QB  Annealed 

65-29 

Elongation,  percent 

25  -  60  Annealed 

65-29 

riiertr  si  Conductivity, 
i'>tu/ft  ‘/hr/(°F/ft) 

10  -  36  (30  -  212°F) 

65-29 

Coeffici  nt  of  Thermal 
Expansion,  in/m/°F 

7.  2  -  7.  8  x  10‘6  (80  -  212°F) 

65-29 

Specific  ’leat,  Btu/lb  F 

0.  193  -  0.  130  (80  -  212°F) 

65-29 

Melting  Point.  UF 

2370  -  2635 

65-29 

Ei  •.  tri  \1  Resistii'ty, 
micro!.  -in 

.... 

3.3-  3  ’  Nickel  200  and  i01 

18.3  -  22.  ■  others 

65-29 

, 


i 
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ISSUED  MAR^H  19«7 
SUPERSEDES:  OCTOBER  1969 


MATERIALS 


NICKEL  BASE  SUPER  ALLOYS 


Table  12.4.2m.  Properties  of  Nick*  Bin  Super  Alloys,  Cast,  Wrought  (Specific  Material 
Types:  Inconel  X-750,  713,  and700;  Inco  71S;  Hastalloy  P  C,  and  X;  Mdlmet 
SOO  and  700;  Waspeloy;  Nlcrotung;  Rand  41;  Unltemp  17S7;  M2S2;  IN100) 


PROPERTY 

VALUES 

REF. 

Density,  lb/ln3 

0.28  -  0.32 

65-29 

Modulus  of  Elasticity 
in  Tension,  psi 

26  -  33,  5  x  106 

65-29 

Specific  Strength,  in. 
(yield  strength/density) 

513  x  103 

65-29 

Tensile  Strength,  psi 

162  -  205  x  103  Solution  Treated  and  Aged 

65-29 

Yield  Strength,  pa< 

92  -  170  x  10 3  Solution  Treated  and  Aged 

105  -  120  x  i03  (Cast) 

65-29 

Creep  Strength,  psi 

1 200°F  1650°F 

35  -  70  x  10*  8  -  12  x  103 

286-9 

Endurance  Limit,  psi 

37  -  60  x  103  (107  cycles)  •  1300°F 

65-29 

Impact  Strength, 

Notched  Izod,  ft/lb 

21  -  62 

65-29 

Hardness,  Brinell 

187  -  241  Solution  Treated 

65-29 

Elongation,  percent 

o 

1 

O" 

o 

65-29 

Thermal  Conductivity, 
Btu/ftZ/hr/(°F/ft) 

10  -  14. 6 

65-29 

Coefficient  of  Thermal 
Expansion,  in/in/°F 

7.8  -  9.8  x  1U~6 

65-29 

Specific  Heat,  Biu/lb°F 

0.  10 

65-29 

Melting  Point,  °F 

2300  -  2600 

. 

65-29 

Electrical  Resistivity, 
microhm -in 

46.5  -  58.2 

65-29 

L 

ISSUED;  FEBRUARY  1970 
SUPERSEDES:  MARCH  1967 


12.4.2-13 


MATERIALS 


TaM*  12.4.2n.  Properties  of  Oxygen  Pr—  Copper  (M.M  Percent  copper),  Wrought 


PROPERTY 

VALUES 

REF. 

Density,  lb/tn3 

0.  323 

65-29 

Modulus  o'  Elasticity 
in  Tsnsion,  psi 

Annealed 

Hard 

65-29 

31  x  103 

108  x  1C3 

Specific  Strength,  in. 
(yield  atrsngth/density) 

32  j  103 

50  x  103 

65-29 

Tensi’e  Strength,  pei 

10  x  103 

50  x  103 

65-29. 

547-6 

Yield  Strength,  psi 

45  x  103 

547-6 

Creep  Strength,  psi 

Endurance  Limit,  psi 

30-35  x  103  (10®  cyctea) 

35-40  :<  103  (108  cycles) 

65-29 

Impact  Strength, 

Notched  Isod,  ft /lb 

Hardness,  Rockwell 

50  -  65B 

36  -  4 1C 

65-29 

Elongation,  percent 

35  -  50 

3  -  12 

65-29 

Thermal  Conductivity, 
Btu/ft2/hr/(°F/ft) 

226 

65-29 

Coefficient  of  Thermal 
Expansion,  in/in/°F 

9. 8  x  1Q“6  (68  -  572°F) 

65-29 

Specific  Heat,  Btu/lb°F 

0,  092 

65-29 

Melting  Point.  °F 

1981 

65-29 

Electrical  Resistivity, 
microhm-in 

0.673 

65-29 

12.4.2-14 


ISSUtD:  MARCH  1967 
SUPERSEDES:  OCTOBER  1965 


MATERIALS 


TITANIUM 
TITANIUM  ALLOYS 


TaWe  12.4.20.  Pro  part  I**  o*  Titanium  and  Its  Alloy*  (Spaciffc  Matarlal  Type*:  Unalloyed, 
5AI-2.5Zn,  9/l-S8n-B2r,  tAI-lMo-lV,  7AI-4M©,  «AI«*28n,  8AI-4V, 
2Fa  2Cr-2Mo,  »Mn,  13V  UCr  3AI) 


PROPERTY 

VALUES 

REF. 

Dens'ty,  lb/in3 

0. 158  -  0.  75 

65-29 

Mod  i  13  of  Elasticity 

In  T <  nai  m,  psi 

15  -  18  x  106 

65-29 

Specific  Strength,  in. 
(yield  etrength/drnaity) 

1400  x  103 

65-29 

Tenaile  Strength,  psi 

60  -  170  x  103  Annealed 

145  -  240  x  103  Heat  Treated 

65-29 

Yield  Strength,  psi 

40  -  1 50  x  103  Annealed 

135  -  ? 20  x  10 3  Peat  Treated 

65-29 

Creep  Strength,  psi 

80,000 

65-29 

Endurance  Limit,  psi 

60  -  90  x  103  (107  cycles) 

65-29 

Impact  Strength, 

Notched  luod,  ft /lb 

15  -  25  (20  -  100  unalloyed) 

65-29 

Hardness,  Rockwell 

25  -  40  C 

65-29 

Elongation,  percent 

1-12  Annealed 

8-25  Heat  Treated 

65-29 

Thermal  Conductivity, 
Btu/ftZ/hr/(°F/ft) 

4.  1  -  9.8  (212°F) 

65-29 

Coefficient  of  Thermal 
Expansion,  in/in/°F 

4.9  -  7. 1  x  10"6  (68  -  1650°F) 

65-29 

Specific  Heat,  Btu/lb  °F 

0. 118  -  0. 135  (2I2°F) 

65-29 

Melting  Point,  °F 

2730  -  3040 

65-29 

Electrical  Resiativity, 
microhm -in 

o* 

'O 

1 

f4 

fsl 

65-29 

ISSUED:  FEBRUARY  1970 
SUPERSEDES:  OCTOBER  19TS 


12.4.2-15 


I* 


MATERIALS 


Tab*  12.4.2p.  Proport*»  of  QeM,  UnaNoyod,  Wrought 


12.4.2  16 


ISSUED  FEBnUAWY  1970 
SUPERSEDES:  OCTOBER  KG5 


MATERIALS 


PLATINUM 


Table  l?.4.2q.  Properties  of  Platinum,  Unalloyed,  Wroupht 


PROPERTY 


Density,  lb /in  3 


Modulua  of  Elasticity 
in  Tension,  pel 


Specific  Strength,  in. 
(yield  strength Mens  it  y) 


Tensile  Strength,  psi 


Yield  Strength,  psi 


Creep  Strength,  psi 


Endurance  Limit,  psi 


Impact  Strength, 
Notched  Iaod,  ft/lb 


Hardness,  Vickers 


Elongation,  percent 


Thermal  Conductivity, 
Btu/ft2/hr/(°F/ft) 


Coefficient  of  Thermal 
Expansion,  in/in/°F 


Specific  Heat,  Btu/lb  °F 


Melting  Point,  °F 


Electrical  Resistivity, 
microhm -in 


0.775 


25  x  106 


Annealed 
2.58  x  103 


18  -  21  x  103 


2  -  5.5  x  103 


40 


30  -  40 


42  (212°F) 


4.9  x  10  6 


0.031 


3217 


3.87  (32°F) 


VALUES 


Cold  Rolled 
34.8  x  1J3 


28  -  30  x  103 


REF. 


65-29 


65-29 


65-29 


65-29 


27  x  10' 


65-29 


100 


2.5  •  3.5 


65-29 


65-29 


65-29 


t»5-?9 


65-29 


65-29 


65-29 


ISSUED:  FEBRUARY  1970 
SUPERSEDES:  OCTOBER  19fiS 


12.4.2 


Silver 


MATERIALS 


Table  12  4.2r.  Properties  of  Silver,  Unalloyed,  Wrought 


PROPERTY 

VALLES 

REF. 

Density ,  lb  /in  * 

0.  379 

65-29 

Modulus  of  Elasticity 
in  Tens. on,  ps : 

li  .0  x  106 

b5-29 

.  Specific.-  Strength,  in. 

1  (yield  st  rength /dens  ity) 

21, 100  Annealed 

116,000  Cold  Worked 

65-29 

Tensile  Strength,  psi 

22,  000  Annealed 

54,000  Cold  Worked 

65-29 

Yield  St rength,  psi 

8,  00C  Annealed 

44,000  Cold  Worked 

65-29 

C reep  St rength,  psi 

Endurai.ee  Li.-nit,  psi 

Imoact  St  rength. 

Notched  Ir.od,  ft/lb 

Hardness,  Vickers 

25  -  35  -Annealed 

65-29 

Elongation,  percent 

48  Annealed 

2,5  Cold  Worked 

65-29 

T I'l*  rmal  Coiulucti v it  y* 
mu/ft“/hr/(°F/ftl 

242  (20  -  212°F) 

65-29 

Coefficient  of  Thermal 
Expansion,  in/in/°F 

10.9  x  10'6 

65-29 

Specific  Heft,  H*.u/lb°F 

0.056 

65-29 

Melt.ng  Point,  °F 

1761 

65-29 

El-  itrical  Resistivity, 
mi c rohin - in 

0.  676 

65-29 

12.4.218 


ISSUED  FEBRUARY  1970 
SUPERSEDES:  OCTOBER  1965 


MATERIALS 


COMPATIBILITY  OF  ACR0Z1NE-50 


12.5  PROPELLANT  CHEMICAL  COMPATIBILITY 

The  highly  reactive  nature  of  wont  liquid  rocket  propellant* 
make*  propellant  chemical  compatibility  a  major  consider- 
atlon  in  the  selection  of  materials  for  many  aerospace  fluid 
components.  Propellant  chemical  compatibility  involves  a 
wide  variety  of  mechanisms  such  as  material  loss,  swelling, 
dissolving,  and  propellunt  breakdown,  us  well  us  a  host  of 
variables  such  as  proximity  of  different  materials,  surface- 
to-volume  ratios,  stress  levels,  geometry,  surface  finish, 
contaminants,  fluid  velocity,  and  energy  sources  (e.g.,  im¬ 
pact).  Because  laboratory  compatibility  tests  seldom  in¬ 
clude  all  factors  likely  to  affect  propellant  compatibility  in 
any  given  application,  material  compatibility  data  should 
generally  be  regarded  as  only  a  guide,  with  the  final  mate¬ 
rials  selection  based  on  prototype  tests  simulating  actual 
service  conditions. 

In  many  rocket  system  development  programs  where  pro¬ 
pellant  compatibility  is  an  important  consideration,  mate¬ 
rials  compatibility  studies  arc  very  often  too  limited  and 
begun  too  late  in  the  development  program  to  be  most  effec¬ 
tive.  Testing  is  often  limited  to  so-called  “preliminary 
screening  tests”  which  serve  to  eliminate  poor  candidates 
but  do  not  give  sufflc'ent  information  as  to  how  good  the 
remaining  materials  are,  and  under  what  conditions  they 
may  be  used.  Attempts  to  correlate  compatibility  test  re¬ 
sults  from  a  variety  of  sources  is  often  difficult,  if  not  im¬ 
possible,  due  to  a  wide  variety  of  methods  used  in  conducting 
compatibility  tests  and  in  reporting  results  Lack  of  ac¬ 
cepted  compatibility  test  standards  results,  for  instance,  in 
one  experimenter  reporting  tnat  a  certain  polymer  is  satis¬ 
factory  based  on  his  technique  of  measuring  physical  prop¬ 
erty  changes  after  propellunt  outgassing,  while  another 
experimenter  may  report  the  same  material  to  be  incom¬ 
patible  based  on  his  property  measurements  before  out- 
gassing. 

Another  factor  leading  to  discrepancies  in  the  compatibility 
literature  is  the  degree  of  conservativeness  used  in  inter¬ 
preting  test  results.  For  instance,  some  materials  which  are 
listed  in  the  literature  as  being  incompatible  with  a  certain 
propellant  due  to  an  extremely  conservative  interpretation 
of  laboratory  test  results  have  been  demonstrated  to  be 
satisfactory  for  numerous  applications  based  on  actual 
service  experience.  An  example  of  such  conservatism  would 
be  the  conclusion  that  all  metals  containing  a  certain  alloy¬ 
ing  constituent  are  incompatible  with  a  propellant  based 
on  a  test  which  shows  that  this  alloying  constituent,  by 
itself  in  finely  divided  form,  accelerates  decomposition  of 
the  propellant. 

The  compatibility  tables  included  in  this  section  list  mate¬ 
rials  for  various  fluid  component  elements  which  show, 
based  on  laboratory  test  experience  arid  limited  service¬ 
ability  data,  a  good  probability  of  being  resistant  to  chem¬ 
ical  attack  under  temperature  and  pressure  conditions 
normally  associated  with  the  propellant  in  question.  The 
data  presented  do  not  take  into  account  r.nusual  circum¬ 
stances  such  as  temperature  well  in  excess  of  the  normal 
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boiling  point  .  of  the  propellunt,  eontaniintitinn,  and  condi¬ 
tions  of  severe  impact  beyond  those  normally  encountered  in 
a  typical  propellant  feed  system.  In  addition  to  noting  mate¬ 
rials  that  are  generally  considered  to  he  compatible  for  the 
applications  noted,  a  few  materials  are  indicated  which 
should  be  definitely  avoided  either  due  to  severe  Httnek  or 
rapid  breakdown  of  the  propellants. 

12.5.1  Aerozine-50 

Aerozine-50,  which  is  a  mi.\t:u<*  of  I'lhMU  und  hydrazine, 
does  not  present  any  signilicnni  problems  in  storage  and 
handling  as  there  are  varieties  of  metals  und  nonmetals 
compatible  with  the  propellunt. 

12.5.1.1  COMPATIBILITY  WITH  METALS.  Of  the  two 
constituents  in  Aerozine-60,  hydrazine  places  more  restric¬ 
tions  on  the  selection  of  metals;  tluis  metals  compatible 
with  hydrazine  can  safely  he  used  with  Aerozine-50.  Aero¬ 
zine-50  is  net  corrosive  to  most  metals  at  ordinary  temper¬ 
atures,  and  small  amounts  of  at, sorbed  wuter  do  not  seem 
to  increase  the  corrosion.  Of  the  common  structural  alloys 
used  in  aerospace  fluid  component  applications,  only  mag¬ 
nesium  alloys  are  considered  unsuitable  for  Aerozine-60 
service.  One  of  the  reasons  for  mixing  1)  DM II  and  hydrazine 
is  that  the  addition  of  UDMH  greatly  reduces  the  tendency 
towards  catalytic  decomposition  of  hydrazine,  while  pro¬ 
viding  a  fuel  that  has  better  performance  characteristics 
than  UDMH  alone.  In  spite  of  the  foot  that  Aerozine-60  is 
far  more  resistant  to  chtulytie  breakdown  thun  hydrazine 
alone,  it  is  advisable  to  avoid  materials  that  are  known  to 
be  decomposition  catalyst:  for  hydrazine,  particularly  under 
elevated  temperature  conditions.  Catalytic  materials  which 
should  be  avoided  in  the  presence  of  Aerozine-50  at  temper¬ 
atures  above  its  boiling  point  ■'  1(H)'  F)  are  iron  oxides  (rust) 
and  copper  oxides  It  is  important  to  note  that  although 
numerous  references  repeat  the  statement  that  Aerozine-50 
should  not  be  used  with  Alloys  containing  molybdenum  in 
quantities  greater  than  U.5  percent,  there  is  no  published 
test  data  to  support  this  conclusion;  in  fact,  laboratory  tests 
and  extensive  field  experience  by  a  number  of  users  of 
Aerozine-50  have  definitely  shown  that  molybdenum-bearing 
alloys  such  as  310  stainless  steel,  AM-3r)5,  and  A -280  are 
perfectly  satisfactory  for  use  with  Aerozine-50  under  service 
temperatures  encountered  normally. 

12.5.1.2  COMPATIBILITY  WITH  NONMETALS.  In  con¬ 
trast  to  metals,  UDMH  is  more  severe  on  nonmetals  than  is 
hydrazine,  although  both  constituents  are  highly  effective 
solvents.  Teflon  and  graphite  are  two  nonmetnls  which  are 
chemically  resistant  to  Aerozine-50.  High  density  polyethy¬ 
lene  and  Kel-F  are  satisfactory  for  Aerozine-50  if  not  used 
in  a  highly  stressed  condition,  since  both  materials  are 
subject  to  stress  cracking  in  contact  with  the  fuel.  Nylon 
materials,  although  gradua'ly  degraded,  are  useful  for 
Aerozine-50  service  for  periods  up  to  several  months.  A 
number  of  specific  formulations  of  eth;  lene  propylene  rub¬ 
ber  and  butyl  rubber  are  suitable  for  static  and  dynamic 
seal  applications  !n  Aerozine-50,  Mylar  is  rapidly  attacked 
by  Aerozine-50;  however,  limited  test  data  indicates  that 
the  material  may  be  satisfactory  for  component  applica¬ 
tions  exposed  to  fuel  vapors.  Nitroso  is  not  compatible. 
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A*roiiru-50,  however,  limited  test  dele  indicetea  that  the 
material  may  Iv  satisfactory  for  component  applications 
exposed  to  fuel  vapors. 

Valve  Bodies 

Stainless  steels  303,  304L,  31(1,  321,  347;  aluminum  alloys 
2211*,  0001.  3003,  5450,  7075,  2024;  titimum  alloys  B120- 
VCA,  A110-AT. 

Sr  riders 

Stainless  steels  301,  321,  347,  17-4PH,  17-7PH;  alloy  steel 
A-&86:  Nl  Span  C;  Inconel-X. 

Sterna 

Stainless  steels  321, 347, 410, 403,  AM  365, 17-4PH,  17-7PH; 
alloy  steel  8630;  Haynes  Stellite  26. 

Bellows 

Stainless  steels  303,  321,  347;  Inconel-X;  Berylco  26. 

Bearings 

Strinless  steels  301,  301N,  403,  410,  440C. 

Valving  Units  (seats  and  poppets) 

Stainless  steels  303,  347;  aluminum  1100;  Teflon;  Zytel 
101;  31  nylon;  polypropy'ene:  Haynes  8telllte  26,  6K,  21; 
titanium  carbide,  tungsten  carbide. 

Seals 

Aluminum  1100;  Teflon;  butyl  rubber  compounds  823-70 
(Parco),  806-70  (Parco),  1'367  (Qoshen),  B480-7  (Parker), 
B468-7  (Parker),  9267  (Precision);  propylene;  poly¬ 
ethylene;  Kel-F;  ethylene  propylene  rubber  compounds, 
EPR132,  E516-8  (Parker),  721-80  (Stillman),  724-90 
(Stillman). 

Packing 
Teflon,  Kel-F. 

Lubricants 

Teflon  coatings  and  carbon  graphite;  UDMH  Lube;  LOX 
Safe,  Mlcroreal  100-1. 

Fluorinated  lubricants  unsatisfactory. 

Bolts,  Nuts,  and  3m  w* 

Stainless  steels  3C3,  321,  347,  AM  356,  AM  350,  17-4PH, 
17-7PH. 

Thread  Sealants  and  Autiselse  Compounds 

Unsintered  Teflon;  Redel  UDMH  Sealant,  LOX  Safe;  Reddy 

Lube  100,  200;  Drilube  822. 

Coatings 

Chrome  plate,  nickel,  anodise. 

Diaphragms 

Teflon,  butyl  rubber,  Berylco  25,  ethylene  propylene  rub¬ 
ber.  Mylar  taMsfactory  for  vapor  exposure  but  unsuitable 
for  liquid. 

12.5.2  Ammonia 

Ammonia  is  a  highly  reactive  reducing  agent  which  is  alka¬ 
line  in  nature.  Due  to  the  possibility  of  forming  explosive 
compounds,  ammonia  should  not  be  brought  in  contact  with 
the  following  chemicals:  mercury,  chlorine,  iodine,  bromine, 
calcium,  silver  oxide,  or  hypochlorite. 

12.5.2.1  COMPATIBILITY  WITH  METALS.  Very  few 
metals  are  completely  incompatible  with  ammonia;  how- 
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ever,  ammonia  btcomaa  mo.v  corrosive  with  increasing 
water  content.  Moist  ammonia  corrodes  copper,  copper  al¬ 
loys,  tin,  and  rinc. 

11.6.2.2  COMPATIBILITY  WITH  NONMBTALB.  A  vari¬ 
ety  of  elastomers,  plastics,  and  lubricants  r.re  compatible 
with  ammonia.  “  . 

Valve  Bodies 

Stainless  stasis  302,  304,  316;  alloy  steals  4840.  4820,  4130; 
aluminum  alloys  2024,  356,  6061,  7075,  6062. 

Sprlaga 

Stainless  sts*ls  302,  804;  carbon  stool  1075;  Inconel. 

Stems 

Stainless  steel  430, 

Bellowa 

Stainless  steels  302,  304;  Inconel. 

Bearings 

Stainless  steal  480. 

Valving  Units  (seats  and  poppets) 

Stainless  stools  804,  816;  alloy  steel  4840;  Teflon;  Kel-F. 

Seals 

Teflon,  Kel-F,  polyethylene,  ethylene  propylene  rubber, 
butyl  rubber,  Neoprene,  nitrile  silicons. 

Peeking 

Teflon,  Kel-F,  asbestos. 

Lubricants 

Fluorolube,  dry  Aims,  silicone  greases,  refrigeration-grade 
petroleum  o'). 

Bolts,  Nuts,  and  Screws 
Stainless  steels  804,  321,  347, 17-7PH. 

Thread  Sealants  and  Antleelxe  Compounds 
Fluorolube,  silicons  greases,  Ttflon  tape. 

Costings 

Gold,  nickel,  chrome  plate. 

Diaphragms 

Teflon,  ethylene  propylene  rubber,  polyethylene.  Neoprene, 
stainless  steels. 

12.5.3  Chlorine  Pentafluorkte  and  T rifluorkle 

Chlorine  penta fluoride  and  trifluoride  aro  strong  oxidising 
agents  which  react  vigorously  with  most  organic  substances 
at  room  temperature  and  w*th  moat  motels  at  elevated 
temperatures.  Lit#  fluorine,  system  cleanliness  Is  of 
extrsme  importance  In  handling  thssc  oxidixers,  since  small 
amounts  of  contamination,  including  water,  grease,  and 
other  organic  materials,  can  cause  a  local  hot  spot  which 
may  raise  the  temperature  of  an  adjacent  metal  to  its 
kindling  temperature,  causing  it  to  bum.  Chlorina  penta- 
fluoride  and  trifluoride  systems  therefore  must  be  carefully 
descaled,  degreased,  passivated,  and  dried.  See  reference 
36-19  for  compatibility  data. 


CAUTION:  Careful  consideration  should  be  given  to  the 
selection  of  materials  whan  components  are  designed  for 
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un  with  fluorinsted  oxidizers.  Material*  selection  should  be 
based  on  previous  satisfactory  material  compatibility  testa 
under  static,  dynamic  and  environmental  conditions  which 
are  applicable  to  the  specific  design  contemplated. 


12.6.3.1  COMPATIBILITY  WITH  METALS.  The  corrosion 
resistance  of  all  metals  used  with  chlorine  pentafluoride  and 
t -I fluoride  depends  upon  the  formation  of  a  passive  metallic 
fluoride  film  which  protects  the  metal  from  further  attack. 
The  ability  of  some  metals  such  as  Monel,  copper,  brass, 
n'ckei,  aluminum,  magnesium,  carbon  steel,  and  stainless 
steel  to  form  passive  metal  fluoride  films  makes  them 
eeslstant  to  attack  by  chlorine  trifluoride.  However,  in  the 
presence  of  contaminants  such  as  grease,  oil,  paint,  or  other 
organic  materials,  chlorine  trifluoride  will  Ignite  most 
metals  including  those  listed  above.  Among  the  metals  suit¬ 
able  for  chlorine  trl fluoride  service,  Monel  and  nickel  are 
preferred  becauee  of  their  resistance  to  hydrogen  fluoride 
and  hydrazine  chloride,  which  are  formed  bv  the  reaction 
of  chlorine  trifluoride  with  water  Hastelloy  C  and  nickel 
200  are  the  only  metals  presently  known  +o  have  proven 
resist* rt  to  chlorine  pentafluoride  contaminated  with 
moisture.  Titanium,  columblum,  tantalum,  and  moly¬ 
bdenum  are  metals  which  are  rapidly  attacked  by  chlorine 
trifluoride.  Soft  aluminum  and  copper  are  both  compatible, 
and  are  used  extensively  as  gasket  and  seal  materials  for 
chlorine  trifluoride  service. 

12.8.3.2  COMPATIBILITY  WITH  NONMETAL8.  Chlorine 
trifluoride  attacks  most  polymeric  materials,  man:'  of  which 
ignite  on  contact  with  the  oxidizer.  For  gas  exposure  and 
nonflow  liquid  exposure  tq  chlorine  trifluoride,  Teflon  and 
Kel-F  are  satisfactory  static  seal  materials.  As  with  metals, 
howaver,  small  amounts  of  contamination  such  as  greas* 
or  absorbed  water  can  cause  u  violent  reaction  between 
Toflor  and  chlorine  trifluoride,  resrlting  in  complete  vapor¬ 
ization  of  the  plastic.  TFE  Teflon  is  superior  to  FEP  Teflon 
for  CTF  applications.  Proposed  applications  of  nonmeiallica 
with  chlorine  pentafluoride  ahould  be  experimentally  and 
thoroughly  Investigated  (Reference  38-10). 

12.8.3.3  LUBRICANTS.  The  use  of  the  standard  petroleum- 
base  lubricants  is  prohibited.  Fluorinated  hydrocarbonr 
may  react  violently  with  chlorine  trifluoride.  Purs  molybde¬ 
num  disulfide  (Mod,)  with  no  binder  has  been  found  to  be 
a  satisfactory  lubricant  in  some  applications;  however, 
because  this  material  is  commonly  used  with  incompatible 
binders,  MoSt  lubricants  should  be  used  with  caution.  No 
completely  satisfactory  lubricant  is  known. 

Valve  Bodies 

Stainless  steels  304,  304ELC,  321,  347,  AM  350;  Monel, 
K-Monel;  aluminum  alloys  386T6,  M517.  6061,  5052,  3001, 
2024,  7076,  Tens  50;  magnesium  alloy  AZ31B. 

Titanium  unsatisfactory. 

Springs 

Stainless  steels  302,  304ELC,  321,  347,  AM  350;  alloy  steel 
A-286;  Inconel,  Inconel-X,  Inconel-W;  K-Monal. 

S.ems 

Stainless  steels  321,  347,  410,  403,  422,  AM  350;  alloy  steel 
A-286;  K-Monel;  Rm«  41. 
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Be' tows 

Stainless  s'eels  304EI.C,  321,  317;  Monel,  K-Monel. 

Hearings 

Stainless  steels  301,  301N;  aluminum  (>061;  hard  anodised 
copper. 

Valving  I 'nils  (seals  and  poppets  ; 

S'ainlcss  steels  321,  347,  110,  4->3,  422;  Monel;  copper; 
aluminum  1100;  titunium  carbide. 

Seals 

Beryllium  cooper,  aluminum  1100,  brass,  copper,  'cad, 
50-50  tin-indium  alloy  and  tin,  Teflon  (non-flow),  Kel-F 
( non- flow). 

Parking 

Copper,  pure  tin,  Teflon. 

I.ubrirants 

Molybdenum  disulfide. 

Belts,  Nuts,  and  Screws 

Stainless  steels  304,  32).  347,  AM  350;  rlloy  steel  A-286; 
Monel,  K-Monel;  Inconol-X. 

Thread  Sealants  and  Antiseize  Compounds 

Unsiniered  Teflon  and  Permatex  Nos.  2  and  3  applied  to 

all  but  the  first  two  threads  of  the  male  fitting. 

Coating* 

Hard  nlc-cel  plate,  chrome  plate,  anodized  (uluminum). 

Diaphragms 

Stainless  steels  304ELC,  321,  347;  Monel,  K-Monel;  beryl¬ 
lium  copper. 

12.6.3A  Diborane 

Very  little  data  on  the  compatibility  of  diborane  with  mate¬ 
rials  have  been  published.  Because  of  the  close  chemical 
relationship  between  diborane  and  oentaborane,  it  has  been 
suggested  that,  when  other  information  Is  lacking,  materials 
be  selected  for  diborane  service  that  are  known  to  be 
recommended  for  use  with  pentaborane.  These  two  pro¬ 
pellants  are  similar  in  reactivity  ;  both  are  hydrolyzed  by 
water,  are  pyrophoric,  vnd  are  very  toxic. 

12.6.3A.1  COMPATIBILITY  WITH  METALS.  A  general 
comment  has  been  made  that  diborane  seems  to  be  safe 
with  all  the  common  metals;  metal  oxides,  on  the  other 
hand,  are  probably  not  inert  to  it.  30G  series  stainless  steels, 
low  carbon  steels,  nickel,  Monel,  and  brass  have  been  used 
for  tanka,  piping,  valves,  fittings,  etc.,  in  chemical  process 
plants  handling  diborane.  No  specific  reference  has  been 
found  to  the  use  of  titanium  or  aluminum  alloy*.  Lead  has 
also  been  reported  is  unaffected  by  diborane. 

12. 5. 3 A. 2  COMPATIBILITY  WITH  NON-METALS. 
Teflon,  Kel-F,  Saran,  a  packing  of  asbestos/graphite/copper, 
ana  a  lubricant  mixture  of  Vaseline/paraffin/graphite,  have 
been  used  successfully  in  contact  with  gaseous  diborane  at 
ambient  temperatures.  Natural  rubbers  and  most  synthetic 
elastomers  are  probably  not  compatible,  but  one  source 
indicates  that  Saran  and  50-60  polyethylene- 
polyisobutylene  are  unaffected.  No  data  were  found  on  the 
compatibility  of  ceramics  with  diborane.  Glyptol 
apparently  can  be  used. 
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Valve  Bodies 

Stainless  steel*  HOI,  316,  <121,  347,  ulloy  steel  4130,  brass, 
Monel,  K-Monel. 

Springs 

Stainless  steels  302,  304,  321,  347.  <7-7  PH,  K-Monel. 

Stems 

Alloy  steel  17-7  PH,  K-Monel. 

Bellows 

Stainless  steels  304,  321, 347,  Monel,  K-Monel,  Nickel 

Bearings 

Alloy  steel  4130,  brass 
Valving  Unltr  (seats  and  poppets) 

Stainless  steels  304,  316,  321,  3  17,  17-7  PH,  K-Monel, 
Polytetrnfluoroethylene  (Teflon,  etc.),  Kel-F, 

Seals 

Polytetrafluoroethylene  (Teflon,  etc.),  Kel-F. 

Packing 

Polytetrafluoroethylene  (Teflon,  etc.),  Kel-F,  lead, 
asbestos,  graphite  coppor. 

Lubricants 

Mixture  of  vaseline,  paraffin,  and  graphite. 

Bolts,  Nuts,  and  Screws 

Stainless  steels  304,  321,  347,  17-7  PH,  alloy  steel  4130, 
Monel,  K-Monel. 

"'bread  Sealant  and  Antiseize  Compounds 
Mixture  tf  vaseline,  paraffin,  and  graphite. 

Coatings 

Nickel. 

Diaphragms 

Stainless  steels  304,  321,  347,  poly tetrafluoroethy Ion*. 
(Teflon,  etc.)  (Myla.  is  unsuitable). 

12.5.4  Fluorine 

Flu*  "ine  is  the  most  powerful  oxidising  agent  available  for 
rocket  propulsion.  Its  extreme  eactivity  is  demonstrated 
by  the  fact  that  it  will  combine  under  suitable  conditions 
with  all  materials  except  the  inert  gases.  Cleanliness  is  a 
key  to  the  suc<  cssful  handling  of  fluorine,  since  it  reacts 
violently  with  water  and  organic  substances  such  as  grease, 
c’.l,  or  polymers-.  Local  hot  spots  caused  by  reaction  of  con¬ 
taminants  with  fluorine  can  lead  to  violent  fa'lur?  of  any 
encasing  material.  The  tendency  for  system  failures  result¬ 
ing  from  loert  hot  spots  can  be  minimized  through  the  use 
of  construction  materials  having  high  thermal  conductivity 
which  resist  ignition  by  rapidly  dissipating  heat.  See  Refer¬ 
ences  36-38  and  183-10. 

CAUTION:  Careful  consideration  should  be  given  to  the 
selection  of  mat  'rials  when  componenu  are  designed  for 
use  with  fluoiinated  oxidizers.  Materials  aoleo  cn  th  ould  be 
baaed  on  previous  satisfactory  material  compatibility  tests 
under  static,  dynamic  and  environmental  corditions  wh’ch 
are  applicable  to  the  specific  design  contemplated. 

12.5.1.1  COMPATIBILITY  WITH  METALS.  Although 
fluorine  reacts  with  practically  all  metals,  the  formation 
of  a  passive  fluoride  film  on  many  metals  makes  them  useful 
for  fluorine  service.  The  density  and  adherence  of  the  pro- 
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tretlve  metallic  fluoride  Aim  is  a  measure  of  the  relative 
value  of  the  base  metal  for  service  with  fuorlne.  The  effec¬ 
tiveness  of  the  Aim  Is  based  on  the  solubility  of  the  mtud 
fluorides  In  liquid  fluorine.  It  Is  behoved  that  aa  the  pro¬ 
tective  Aim  builds  up  and  the  rate  of  con ooion-  slows  down, 
an  equilibrium  between  the  "eaction  rate  and  solubility  of 
the  Aim  is  reached,  resulting  In  a  relatively  steady  corro¬ 
sion  rate.  Service  data  indicates  that  fluorides  of  nickel, 
copper,  ch'  omlum,  and  Iron  are  relatively  insoluble  In  liquid 
fluorine.  Monei  and  nickel,  In  particular,  form  a  dense  and 
extremely  tough  coating  which  is  invisible  by  contrast  to 
the  green  and  powdery  coating  of  iron  fluoride.  Stnlntoes 
steels  exhlblf  satisfactory  performance  In  liquid  fluorine. 
Generally,  the  presence  of  silicon  in  steel  makes  It  more 
susceptible  to  fluorine  attack.  Several  of  the  lightweight 
metals  such  as  alloys  of  aluminum,  titanium,  and  magne¬ 
sium  are  known  to  produce  protective  films  in  liquid  fluorine. 
Of  these,  titanium  probably  exhibits  the  lowest  corrosion 
rate;  however,  tests  have  shown  that  titanium  is  impact 
sensitive  in  fluorine.  Soft  copper  and  aluminum  are  recom¬ 
mended  as  gasket  materials  for  fluorine  service.  Important 
factors  to  consider  in  selecting  metah  for  use  in  liquid  fluor¬ 
ine  system*  are  flow  rates,  system  water  contamination,  and 
mechanical  properties  of  materials  at  the  low  temperatures 
experienced  with  l'euid  fluorine.  High  flow  rates  tend  to 
remove  fluoride  coatings,  increasing  corrosive  action.  This 
is  particularly  true  with  metals  that  are  less  resistant  to 
fluorine,  such  as  low  alloy  steels  which  develop  coating* 
that  are  either  very  brittle  or  are  porous  and  powdery.  In 
addition  to  increasing  corrosion  rates,  flaking  of  coatings 
may  result  in  contamination  of  the  propellant,  creating  the 
usual  hazards  of  particulate  contamination  in  systems  hav¬ 
ing  contamination -sensitive  valves,  etc.  Of  all  the  metals 
showing  resistance  to  fluorine  attack,  Monel  is  generally 
preferred,  for  in  addition  to  being  compatible  with  fluorine 
it  is  resistant  to  hydrofluoric  acid,  a  common  contaminant 
in  fluorine  systems  formed  by  the  reaction  of  fluorine  and 
water. 

12.5.4.2  COMPATIBILITY  WITH  NONMETALS.  Very 
few  nonmetals  are  res'utant  to  fluorine  attack.  Of  vhe 
polymers  normally  used  for  seal  and  gasket  applications, 
only  Teflon  and  Kel-F  have  been  found  suitable  for  contact 
with  fluorine.  Even  these  materials,  however,  are  attacked 
by  liquid  fluorine  under  dynamic  flow  conditions. 

12.5.4.3  COMPATIBILITY  WITH  LUBRICANTS.  Fluo¬ 
rine  reacts  with  organic,  aqueous,  or  siliceous  materials 
normolly  considered  inert.  Silicones  and  standard 
petroleum-based  lubricants,  therefore,  are  not  compatible 
with  fluorine.  Pure  molybdenum  disulfido  (MoS,)  with  no 
binder  is  satisfactory  for  some  lubricant  applications  in 
fluorine.  There  are,  however,  no  reliable  lubricants  for 
fluorine  service. 

Valve  Bodies 

Stainless  steels  394, 304ELC,  316.  321,  347;  Monel,  K-Monel; 
bronze,  aluminum  alloys  356T6,  M617,  359T6,  2024,  7075, 
6061,  5052,  3001,  Tens  50;  magnesium  aiioys  HK31,  AS.L 

Springs 

Stainless  steels  301,  304ELC,  321,  347;  Inconel,  Incond-X, 
Inconel-W:  K-Monel. 
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ItlMI 

ftalnlesc  steels  321,  847,  403,  4t0,  422;  K-Monei;  Hen#  41, 
P1I16-7  Mo. 

Bellows 

Stainless  steels  304ELC,  321,  347;  Monel,  K-Monel; 
Inconel-X. 

Bearings 

Stainless  stie's  301,  301N;  aluminum  0001;  hard  anodised 
copper. 

Valving  Unite  (acats  and  poppets) 

Stainless  ateels  321,  347,  403,  110,  422;  Monel;  copper; 
aluminum  1100;  brass. 

Seale 

Beryllium-copper,  aluminum  1100,  brass,  copper,  lead,  60-50 
tin-indium  alloy  and  tin. 

Packing 

Copper,  pure  tin. 

Lubricants 
(See  text) 

Bblle,  Nuts,  and  Screws 

Stainless  steels  304,  321,  347;  Monel,  K-Monel;  Inconel-X. 

Thread  Sealants  and  AntlsHs*  Compounds 
Unentered  Teflon  tape  and  lYrmatex  Nos.  2  and  3  applied 
to  all  but  the  (list  two  threads  of  the  male  '  ting;  for 
use  with  fluorine  gas  only. 

Coatings 

Hard  nickel  plate,  chrome  plate,  anodise  (aluminum). 

Diaphragms 

Stainless  steels  804F.LC,  321,  317;  Monel,  K-Monel;  Beryl¬ 
lium  copper. 

12.3.3  Hydruint 

Hydra  sine  tends  to  be  unstable  in  the  presence  of  certain 
material*  which  act  as  decomposition  catalysts,  particularly 
at  elevated  temperatures.  Therefore,  in  selecting  materials 
for  hydrasin*  service,  not  only  must  the  effect  of  hydrasin* 
on  the  material  be  considered,  but  equally  important  is  the 
effect  of  the  material  on  tho  rate  of  hydrazine  decomposi¬ 
tion.  Anhydrous  hydrazine  is  a  powerful  reducing  agent, 
particularly  with  acids,  oxidizers,  and  various  organic  sub¬ 
stances, 

12.5.6.1  COMPATIBILITY  WITH  METAL8.  Hydrasin*  is 
compatible  with  a  number  of  common  structural  alloys  in¬ 
cluding  titanium,  aluminum  alloys,  stainless  steels,  and 
nickel  alloys.  Metals  not  recommended  for  hydrazine  serv¬ 
ice  due  to  chemical  attack  include  magnesium  and  sine.  The 
major  problem  with  selecting  ma  erials  for  handling  hydra- 
tine  to  the  tendency  for  hydrasine  to  decompose  in  the 
presence  of  certain  metal  oxides  such  as  iron  oxide,  cobal'. 
oxtd<\  copper  oxide,  manganese  oxide,  and  lead  o::ide.  The 
effectiveness  of  hydrasine  decomposition  catalysts  increases 
with  increasing  temperature  conditions.  Because  of  the  prob¬ 
lem  with  metsl  oxides,  particular  care  should  be  taken  in 
selecting  m^.alis  for  hydrasine  service,  particularly  where 
these  metals  can  be  subjected  to  air  oxidation,  i.e.,  where 


prolonged  exposure  to  air  cannot  be  avoided  prior  to  contact 
with  hydrasine.  Ferrous  and  copper  alloys  should  only  be 
used  where  air  oxidation  can  be  avoided.  Gold  is  another 
material  whit  .  tends  to  r>it  as  i  hydrasine  decomposition 
catalyst.  Numerous  reference*  state  that  molybdenum- 
beating  alloys,  in  particular  alloys  containing  more  than 
0.5  percent  molybdenum,  should  be  avoided  for  hydrasine 
service  becau-e  of  catalytic  decomposition;  however,  the 
basis  for  this  conclusion  in  terms  of  supporting  use  and 
test  data  is  not  documented.  On  the  other  hand,  n»t  roue 
agencies  have  used  molybdenum-bearing  alloys  such  at.  310 
stainless  steel  (■  percent  Mo)  in  a  variety  of  applications 
for  hydrasihe  service  including  velvet,  pumps,  piping,  etc. 
without  incident.  Brass  and  bronze  are  not  compatible. 
Erosion  of  17-4  PH  adjacent  to  nickel  hat  been  observed. 


12.6.5.2  COMPATIBILITY  WITH  NONMETALS.  A  num¬ 
ber  of  po'ymers  including  both  elastomers  and  plastics  have 
been  found  to  be  suitable  for  hydrasine  service.  N>>nmetals 
can  else  cause  catalytic  decomposition  of  hydraalna  to 
varying  degrees,  however,  for  mo*‘  feed  system  component 
applications  of  polymers  the  wetted  aiea  is  small  (In  static 
seal  applications  for  instance)  and/or  exposure  time  Is  short 
so  that,  propellant  decomposition  becomes  a  relatively 
minor  compatibility  consideration.  Additives  and/or  con¬ 
taminants  found  in  nonmelals  which  could  influence  hydra¬ 
zine  decompoeition  rate  Include  metal  oxides  and  carbon. 
Applications  where  propellant  decompoeition  could  be  sig¬ 
nificant  in  selecting  and  determining  the  purity  of  non- 
metals  include  positive  expulsion  diaphragms  and  bltdders 
which  have  large  wetted  areas  and  often  involve  expended 
propellant  exposure  times.  The  pretence  of  trace  quantities 
of  iron  as  an  impurity  in  Teflon,  or  the  carbon  black  com¬ 
monly  used  in  eiastomero  could  limit  the  usefulness  of  these 
polymers  for  hydruzlne  diaphragms  or  bladders  particularly 
ac  temperatures  in  excess  of  normal  ambient. 

Plastics  generally  suitable  for  hydrasine  service  include 
Teflon,  nylon  (Zytel  101),  Kynar,  Kel-F  and  high  density 
polyethylene.  Elr- vomers  which  have  been  used  successfully 
in  hydrazine  include  butyl  rubbers,  neoprene,  silicone  rub¬ 
ber,  and  ethylene  propylene  rubber.  In  applications 
extremely  sensitive  to  volume  swell  (e.g.  poppet  seals  in 
small  solenoid  valves)  certain  ethylene  propylene  rubber 
compounds  (EPR  end  EPT)  have  shown  superior  dimen¬ 
sional  stability  in  hydraXlno.  It  sheu'd  be  noted  that  minor 
variations  in  compounding,  curing  and  purity  can  pro¬ 
foundly  influence  swell  and  compression  set  characteristics, 
hence,  not  only  must  one  carefully  select  the  right  rubber 
compound  but  rigorous  quality  standards  fer  a  given  com¬ 
pound  mrsi  be  maintained  lest  propellant  compatibility  be 
degraded.  Non -metallic  materials  unsatisfactory  for 
hydrasine  service  include  Mylar,  Nttroso  rubber,  and  fluorin- 
ated  rubbers,  i.e.,  fluorosilicone  rubber,  Kel-F  elastomers 
and  Vlton. 

Valve  Bodies 

Stainless  steels  304,  304L,  31(1,  321,  347;  aluminum  alloys 
(1001,  3003,  4043,  2024.  350T0,  Tens  60;  titanium  0A1-4V. 
U120VCA. 


ISSUED:  M0BUAKV  1070 


12.5.6-2 


MATERIALS 


COMPATIBILITY  Of  HYDROGEN  PEROXfOE 
COMPATIBILITY  OF  LIQUID  HYDROGEN 


Spring* 

Stainless  steels  301,  321,  347,  AM  350,  AM  355,  1/-7PH; 
alloy  steel  A-286;  Inconel,  Inconel-X. 

Stems 

Stainless  steels  321,  347,  403,  410,  AM  350,  AM  355, 
17-7PH:  alloy  steel  8630. 

Bellows 

Stainless  steels  303,  331,  347;  Inconel,  Incone!-X. 

Bearings 

Stainless  steels  301,  305  N,  403,  410,  440C. 

Valving  Units  (seats  and  poppets) 

Stainless  steels  303,  321,  347,  44CC,  AM  350:  Teflon; 
aluminum  1100;  stellite  21;  nylon;  Kynar. 

Seals 

Teflon;  aluminum  11C0;  butyl  rubber  compounds  805-70 
(Parco),  613-75  (Stillman),  823-70  (Parco),  B-480-7 
(Parker),  60-61  (Bell),  9257  (Precision);  propyiene,  poly¬ 
ethylene;  Hypalon;  Cis-4  r.olybutadiene;  ethylene  propy¬ 
lene  rubber  compounds  EPi.  132,  EPT  10,  E515-8  (Parker), 
721-80  (Stillman),  724-90  (Stillman),  3015  (Ur.iroyal), 
Silicone  rubber.  % 

Packing 
Te “on.  Kel-F. 

Lubricants 

Teflon  coatings  and  carbon  graphite;  DC-11,  Kvytox  240 
fluorine  grease. 

Bolts,  Nuts,  and  Screws 

Stainless  steels  303,  321,  347,  17-7PH;  Inconel-X. 

Thread  Sealants  and  Antiseize  Compounds 
Unsintered  Teflon;  Redel  UDMH  Sealant,  LOX  Safe  (ex¬ 
terior  use  only). 

Coatings 

Chrome  plate,  anodize  (aluminum  and  magnesium),  nicke' 
plate. 

Diaphragms 

Stainless  steels  304,  321,  347;  Teflon;  butyl  rubber;  SER, 
ethylene  propylene  rubber  E515-8  (Parker),  SR  721-80 
(Stillman),  SR  722-70  (Stillman),  SR  724-90  (Stillman). 

12.5.6  Hydrogen  Peroxide 

The  compatibility  of  hydrogen  peroxide,  H,0;,  with  mete- 
rialr  is  primarily  determined  by  the  degree  of  decomposi¬ 
tion;  H,0.  decomposes  to  some  degree  with  all  materials. 
Compatibility  is  a  function  of  not  only  the  material  selected, 
but  also  of  cleanliness  and  surface  preparation  of  ,he  mate¬ 
rial.  H,0.  breaks  down  into  oxyren  and  water,  and  in  a  closed 
system  the  evolution  of  oxygen  results  in  pressure  buildup. 

12.5.6.1  COMPATIBILITY  WITH  METALS.  Aluminum 
and  some  of  its  alloys,  tantalum,  and  zirconium,  are  the 
only  metals  considered  compatible  for  'or.g  term  contact 
wich  hydrogen  peroxide.  Stainless  steels  and  nickel,  how¬ 
ever,  are  satisfactory  for  many  component  applications 
where  long  term  continuous  exposure  is  not  a  requirement. 
The  most  widely  used  aluminum  alloy  is  1060  aluminum. 
The  presence  of  copper  in  aluminum  alloys  greatly  reduces 
their  compatibility. 

ISSUED:  FEBRUARY  1970 
SUPERSEDES:  MARCH  ' 9«7 


12.3.62  COMPATIBILITY  WITH  NONMETALS.  Many 
nonmelallic  materials  cause  rapid  decomposition  of  hydro¬ 
gen  peroxide  and  are  rapidly  attacked  by,  or  form  explosive 
peroxide  and  are  rapidly  attacked  by,  or  form  explosive 
mixtures  with,  the  propellant.  Fluorinated  polymers  includ¬ 
ing  Teflon,  Kel-F,  and  Viton  are  compatible. 

Valve  Podies 

Stainless  steels  TC4,  304ELC,  316,  371,  347;  aluminum  alloys 
1060, 12u0,  5052,  5652,  6061,  B-356;  titanium. 

Springs 

Stainless  steels  362,  304,  17-7PH. 

Stems 

Stainless  steel  17-7PH. 

Bellows 

Stainless  steels  o04,  321,  347. 

Bearings 
6061  Al. 

Valving  Units  (seats  and  poppets) 

Stainless  steels  321,  347. 

Seals 

Viton  A,  Teflon,  Kel-F,  polyethylene,  silicone  rubber. 

Packing 
Teflon,  Kel-F. 

Lubricants 

Fluorolubes. 

Belts,  Nuts,  and  Screws 

Stalnlesr  steels  304,  321,  347, 17-7’i’H. 

Thread  Sealants  and  Antiseiz-  Compounds 
Teflon  tape. 

Coating 
Nickel  plating. 

Diaphragms 

Stainless  steels  304,  321,  347;  Teflon. 

12.5.7  Liquid  Hydrogen 

Liquid  hydrogen  is  chemically  inert  to  most  structural  ma¬ 
terials,  therefore,  chemical  comnatibilliy  is  r.ot  a  problem 
in  the  selection  c.’  materials  for  hydrogen  service.  The  com¬ 
patibility  -onsideration  in  se’ecting  materials  for  hydrogen 
service  is  the  low  temperature  environment.  Embrittlement 
of  some  materials  at  low  temperatures  requires  selection 
of  materia's  on  the  basis  of  structural  properties  such  as 
yield  strength,  tensile  strength,  ductility,  impact,  and  notch 
sensitivity.  The  materials,  selected  for  hydrogen  service 
must  also  be  metallurgically  stable  so  that  phase  changes 
in  the  crystalline  stiucture  will  not  occur  with  time  or 
temperrture  cycling.  It  is  known,  for  instance,  that  body- 
centered  cubic  materials  such  as  low  alloy  steels  undergo  a 
transition  from  ductile  to  brittle  behavior  at  low  tempera¬ 
tures:  therefore,  such  metals  are  generally  not  suitable  for 
structural  applications  at  cryogenic  temperatures.  The 
face-centered  cubic  metals  such  as  the  austenitic  stainless 

12.5.5-3 

12.5.7-1 


MATERIALS 


COMPATIBILITY  OF  LIQUID  NYDNOGEN 
COMPATIBILITY  OF  LIQUID  OXYGEN 


steels  namvdly  do  not  show  s  transition  from  ductile  to 
brittle  behavior  at  low  temperature.  For  thi*  reason,  theae 
type*  of  material*  arc  desirable  for  use  in  cryogenic 
application*.  For  h'th  pressure*  of  extended  duration, 
embrittlement  due  tc  hydrog*  n  diffusion  Into  metal*  such 
»n  'ow  alloy  ste'<ls  and  titanium  should  be  considered.  Due 
to  low  temperature  brittleness,  very  few  nonmetals  are 
satisfactory  at  liquid  hydrogen  temperatures.  However, 
Kel-P,  Teflon,  and  Mylar  arc  suitab.e  for  certain  applica¬ 
tion*.  Some  elastomeric  material*  such  as  silicone  rubher 
can  be  used  for  static  seals  at  low  temperatures  whs.*  the 
seal  Is  given  a  high  initial  compression  loading. 

Valve  Bodies 

Stainless  steels  :  01.  302.  .104,  110,  110.  121,  347;  K-Monel; 
Hnstulloy  B;  alumli  um  alloys  20UTo,  0001T0,  546011-24, 
6002,  2024,  6164,  5080;  titanium;  alloy  steel  N-155. 

tlprlng- 

Stainless  steels  101,  121,  147;  alloy  steel  A -280;  K-Monel; 
Inconel,  Inconel-X. 

Stems 

Stainless  steals  121. 147;  alloy  steel  A-286;  Hayne*  No.  26; 
K-Monel;  Inconel-X. 

Bellows 

Stainless  steels  121,  147;  K-Monel;  Inconel-X. 

Bearings 

Stainless  steel*  440C,  62100,  410. 

Valving  Unit*  (seats  and  poppet «) 

Stainless  steels  121,  147:  Teflon;  Kel-F:  copper;  aluminum 
1100;  Monel;  stellite  21;  nylon. 

Seals 

Stainless  steels  121.  147;  Teflon;  Kel-F;  silicone  ruober 
(static  seals);  aluminum  1100. 

Backing 

Teflon,  Kel-F. 

Lubricants 

Teflon  coatings  ami  molybdenum  disulfide, 
llaloKcnatcd  oils  may  be  used  for  installation  only. 

Bolts,  Nuts,  and  Screws 

Stainless  steels  104, 121,  347;  alloy  steel  A-286;  Inconel-X. 

Thread  Sealants  and  Antiseia*  Compounds 
LOX  Safe. 

Diaphragm* 

Mylar,  Teflon. 


12.5.8  Liquid  Oxygen  (LOX) 

Liquid  oxygen  is  a  strong  cryogenic  oxidixer.  Materials 
selection  with  oxygen  must  be  based  on  low  temperature 
characteristics  as  well  n*  on  chemical  compatibility  con¬ 
siderations. 

12.5.8.1  COMPATIBILITY  WITH  METALS.  Most  metals 
arc  not  chemically  aTeoted  by  liquid  oxygen;  therefore,  as 
in  the  case  of  liquid  hydrogen,  low  temperature  considera¬ 
tions  dictate  selection  of  compatible  metals.  An  exception 
is  titanium,  which  can  result  'n  explosive  reactions  with 


liquid  oxygen  under  conditions  of  su^clent  Impact.  In  spit* 
of  the  LOX-titanlum  reaction,  titanium  Las  bean  used  suc¬ 
cessfully  In  applications  whne  the  materia!  would  not  be 
subjected  to  Impact  conditions.  Such  an  application  I*  on  the 
Tt.an  1  missile,  where  titanium  spheres  containing  helium 
pressurant  are  located  inside  the  liquid  oxyeen  tanka. 

12.5.8.2  COMPATIBILITY  WITH  NONMETALS.  Many 
organic  materials  detonate,  sometimes  violently,  when 
subjected  to  impact  in  the  presence  of  liquid  oxygen.  Many 
common  plastics,  elastomers,  and  lubricants  react  under 
conditions  of  impact  wl*h  such  violence  that  tha  reaction 
constitutes  a  hatard.  A  generally  accepted  impact  teat 
criteria  for  compatibility  of  nonmetals  with  liquid  oxygen 
is  no  detonations  out  of  20  trials  at  an  impact  level  of  70 
foot-pounds.  Since  the  70  foot-pound  level  is,  to  a  large 
extent,  quite  abrltnry,  materials  with  threshold  levels 
considerably  below  7 5  foot-pound*  may  be  suitable  for 
certain  applications,  specifically  where  condittona  of  impact 
are  highly  unlikely.  Certain  nonmetal*  react  violently  In  the 
presence  of  gaseous  oxygen,  and  thus  should  be  judiciously 
avoidtd  for  LOX  service.  Nylon  I*  on*  of  these  materials. 
Nonmetals  generally  found  useful  for  liquid  oxygen  service 
are  Teflon,  Kel-P,  and  Mylar.  Some  elastomers,  including 
ailicoi.e  rubber,  have  been  used  successfully  in  liquid 
oxygtn  static  aaal  applications.  Viton  has  lass  impact 
sensitivity  than  any  other  elartomer. 

Valve  Bodies 

Stainless  steels  304,  310,  310,  32i,  347;  K-Monel;  Hastalluy 
B;  alum'num  alloys  2014T0,  0001T0,  64E1H-24,  6l54,  5062, 
6080,  360T0,  0001;  alloy  steel  N-166. 

Springs 

Stainless  steels  321,  347;  alloy  steel  A-286;  K-Monel; 
Invonel,  Inconel-X. 

Stems 

Stainless  steels  321, 147;  alloy  stem  A-286;  Haynes  No.  25; 
Inconel-X, 

Bellow  a 

Stainless  steels  304,  321,  347;  K-Monel;  Inconel-X 
Bearings 

Stainless  steels  440C,  52100. 

Valving  Units  (seats  and  poppets) 

Stainless  steel*  321,  347;  Teflon;  Kel-F;  aluminum  1100; 
Monel. 

Seals 

Stainless  steels  321  347;  Teflon;  Kel-F;  aluminum  1100. 

Packing 
Teflon,  Kel-F. 

Lubricants 

Teflon  coatings  and  molybdenum  disulfide. 

Halogenated  oils  nay  be  used  for  installation  only. 

Bolts,  Nuts,  %nd  Screws 

Stainless  steels  32t,  347;  alloy  steel  A-286;  Inconel-X. 

Thread  Sealants  and  Antiselie  Compounds 

LOX  oafe. 


12.5.7- 2 

12.5.8- 1 


ISSUED  FEBRUARY  1*70 
SUPERSEDES!  OCTOBER  1*05 


MATERIALS 


COMPATIBILITY  OF  MONOMETHYLHYDRAZiNE 
COMPATIBILITY  OF  FUMING  NITRIC  ACID 


C.iattnga 

Chromium,  nickel,  anodise  (aluminum). 

Diaphragm)* 

Stainless  steel*  321,  347;  Teflon;  beryllium  ntppct,  Mylar. 

12.5.9  Monomathylhydrazint  (MMH) 

12.B.9.1  COMPATIBILITY  WITH  METALS.  MMH  him 
decomposition  characteristics  similar  to  (hone  of  hydraxine. 
Iron  runt,  for  example,  in  known  to  renult  In  npontaneoun 
Ignition  of  MMH.  Due  to  the  nlniilnrlty  in  catalytic  and 
decomponltion  activity  between  MMH  and  hydraxine,  thone 
metaln  natinfactory  for  hyuraxiiic  are  generally  considered 
nat.lnfactory  tor  MMH. 

12.5.9.2  COMPATIBILITY  WITH  N  UNMET  ALd  In  gen¬ 
eral,  MMH  attucka  organic  material*  more  readily  than  doe* 
hydraatne.  There  I*  very  little  actual  teal  data,  however,  on 
ita  compatibility  with  nonmclallic  materiel*.  Teflon,  poly¬ 
ethylene,  EPR  butyl  and  Cia  1-4  polybutadiene  are  non- 
metal*  conaidered  to  be  aerviceuble  with  MMH. 

12.5.9.3  COM  I’ ATI  III  LIT  Y  WITH  LUBRICANTS.  Hccaune 
of  MMH'a  solvent  propertien,  no  completely  suitable  lub¬ 
ricant  has  yet  been  four.d,  but  experience  with  hydraxine 
and  UDMII  suggests  that  Dow  Corning  11  Compound  (aill- 
cona),  Fluorolube  GR-470,  and  Kel-F  grease  may  be  used. 
Teflon  coatings  can  also  be  used  fee  soma  lubricant  appli¬ 
cations.  Dupont’s  Krytox  240  fluorinated  grease  is  com¬ 
patible. 

Valve  Bodiea 

Stainless  steals  304,  304L,  321.  347,  17-7PH;  aluminum 
alloys  3003,  5052,  0061,  Tens  50, 360TG. 

Springs 

Stainless  steels  301,  321,  347,  17-7P1I. 

Stems 

Stainless  steels  321, 347,  403,  410,  AM  350,  AM  356, 17-4PH, 
17-7PI1. 

Bellowc 

Stainless  steela  303,  321,  347;  Inconel,  Inconel-X. 

Bcarlnga 

Stninless  steela  301,  301N,  403,  410,  440. 

Valving  Unita  (aeata  and  poppetc) 

Stainless  steels  303,  321.  347;  Teflon;  polypropylene;  nylon. 
Seals 

Tafton,  polypropylene,  nylon,  polyethylene,  silicone,  EPR, 
butyl,  polybutadione. 

Packing 
Teflon,  Kel-F. 

Lubricants 

Teflon  coatings,  Dow  Corning  11  Compound  (silicone), 
Fluorolulx  GR-470,  Kel-F  grease.  Krytox  240  fluorinated . 
grease. 

Bolts,  Nut  a,  and  8crewa 

Stainless  stasis  303,  SCI,  347,  17-4P1I,  17-7PH;  Inconel-X. 

Thread  Sealants  and  Antiaeise  Compounds 
Unaintered  Teflon  tape. 


Coatings 

Chrome  plate. 

Diaphragms 

Stainless  steel*  304  321,  347;  Teflon. 

Bra xc  Alloys 

lYrmabrnnc  130  An,  IH'  Nil 

12.5.10  Fuming  NIL  ic  Acid 

Fumlr.g  nitric  add  i*  u  thrhly  corrosive  oxidising  agent.  It 
will  vigorously  attack  many  metaln  and  will  react  with 
many  organic  material*  spontaneously,  causing  Are. 

1 2.5.10.1  COMPATIBILITY  WITH  METALS.  A  number  of 
aluminum  alloy*  and  stainless  steela  are  compatlbla  with 
fuming  nitric  acid  although  In  both  material  classes  there 
are  specific  alloys  which  are  Incompatible.  To  reduce  cor¬ 
rosion  rates,  hydrofluoric  acid  (HF)  Is  added  to  n'tric  acid 
as  an  inhibitor. 

12.5.10.2  COMPATIBILITY  WITH  NONMETALS.  Poly¬ 
ethylene  nnd  Kel-F  elastomers  are  nonmetals  suitable  for 
nitric  acid  service. 

Valve  Bodies 

Stainless  steels  3C1,  302,  304,  304ELC,  316,  321,  347; 
aluminum  alloys  1060, 2024, 0061 ;  titanium  75A. 

Springs 

Stainless  steels  301,  321,  347. 

Stem* 

Stainless  steels  410,  430. 

Bellows 

Stainless  steels  301,  321,  347. 

Hearings 

Stainless  steels  301,  301N,  410,  430. 

Valving  Units  (seats  and  poppets) 

Stainless  steels  410,  430;  Haynes  Stellite  Nos.  1,  6,  25. 

Seals 

Buna  N,  Teflon,  Kel-F,  Kel-F  elastomer,  Hypalon,  nylon, 

Packing 
Teflon,  Kel-F. 

Lubricants 

Fluorolube,  DC-11. 

Bolts,  Nuts,  and  Screws 
Stainless  steels  304,  304ELC. 

Thread  Sealants  and  Antiaeise  Compounds 

Teflon  tape. 

Coatings 
Chromium,  gold 

Diaphragms 

Stainless  steels  304,  321,  347;  Teflon. 

Mylar  unsuitable. 
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COMPATIBILITY  OF  NITROGEN  TETROXIDE 
12.5.11  Nitrogen  Tatroxidc 

Nitrogen  tetroxide  (NTO)  lx  a  strong  oxidizer  an-'  a  potent 
solvent.  It  I*  the  most  widely  used  storable  propellant  oxl- 
dlier  and  a*  a  result  there  i*  a  quantity  of  published  nitro¬ 
gen  tetroxide  material*  eompatibility  information.  The 
mosu  complete  xii  ,;le  source  of  NXL  compatibility  data  lx 
given  in  Reference  81-4. 

U.5.11.1  COMPATIBILITY  WITH  METALS.  Dry  nitro- 
gen  tetroxide  ix  compatible  with  many  metals  and  alloys 
u  ed  in  fluid  components;  however,  water  contaniina* ;‘>n 
of  nitrogen  tetroxide  causes  the  formation  of  nitric  and 
which  is.  corrosive  to  many  metals.  The  difficulty  of  being 
assured  that  \  moisture  is  introduced  into  a  nitrogen 
tetroxide  system  normally  dictates  that  materials  be  se¬ 
lected  not  only  for  compatibility  with  anhyarous  NXL,  but 
also  with  dilute  nitric  acid.  As  aluminum  alloys  and  ano¬ 
dized  aluminum  coatings  arc  attacked  hy  nUric  acid,  great 
care  must  be  exercised  in  maintaining  absolute  system  dry- 
ness  if  these  materials  are  to  be  used  with  N  th.  In  general, 
aluminum  alloys  are  suitable  materials  for  vise  with  dry 
nitrogen  tetroxide.  The  degree  of  alloying  constituents  in 
nluminum  alloys  significantly  uffects  the  corrosion  resist¬ 
ance  of  these  materials  in  the  presence  of  NXL.  Zinc-bearing 
707o  aluminum  corrodes  much  faster  than  copper-bearing 
2024  which,  in  turn,  has  a  higher  corrosion  rate  than  either 
50«2  or  3003  alloys.  30011,  being  the  purest  aluminum  of 
.his  group,  exhibits  the  lowest  corrosion  rute.  The  differ, 
ence  in  corrosion  rates,  however,  does  not  seem  to  be  sig¬ 
nificant  unless  the  water  content  in  the  NX),  exceeds  0.8 
percent.  Nickel  and  nickel  alloys  constitute  another  group 
of  materials  which,  although  compatible  with  anhydrous 
nitrogen  tetroxide,  should  tv.*  used  with  caution  because  of 
attack  by  nitric  acid.  Other  alloys  which  show  resistance 
to  anhydrous  NX),  but  which  are  generally  avoided  due  tc 
incompatibility  with  acids  are  magnesium  alloys  and  cop* 
pe*  alleys.  Titanium  alloys  ate  compatible  with  N;0.  with 
certain  limitations.  Titanium  alloys  are  susceptible  to  stress 
corrosion  in  N  O.,  a  particular  problem  in  applications  in¬ 
volving  relatively  long  exposure  (hours  rather  than  min- 
Vs>  at  high  stress  levels,  e.g.,  storage  vessels.  There  is 
some  indication  that  the  st-ess  corrosion  is  related  to  con¬ 
taminations  found  in  NiO,.  The  addition  of  an  inhibitor  to  the 
X  O,  may  be  a  possible  solution  to  the  stress  corrosion 
problem.  Titanium  in  susceptible  to  localized  reaction  with 
N  O,  under  conditions  of  extreme  impact,  however,  the  re¬ 
action  does  not  propagate,  as  is  the  case  with  titanium  and 
oxygen  under  impact  conditions.  In  spite  of  these  limita¬ 
tions  there  are  numerous  suitable  applications  for  titanium 
in  N2O4  val\c«  and  other  fluid  components.  At  tempera¬ 
tures  above  275°F  6AI4V  is  more  satisfactory  then  the  300 
scries  stainless  steels  which  tend  to  cause  a  gelatinous, 
viscous  deposit  to  form. 

12.3.11.2  COMPATIBILITY  WITH  NONMETALS.  No 
polymeric  materials  are  completely  satisfactory  for  ex¬ 
tended  N  O,  service.  Plastics  showing  reasonable  compati¬ 
bility  with  N  O  are  Teflon  TFE  and  Ft’P.  Teflon  absorbs 
N  IV.  and  such  permeability  must  be  ernsidered  in  the  use 
of  Ibis  material  in  any  given  application.  One  solution,  in 
apolicatimis  such  as  gaskets,  is  the  use  of  a  glass  filler  in 
Teflon  which  not  only  reduces  its  cold  flow  tendency  but 
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MATERIALS 

al»o  greatly  improve*  it*  resistance  to  permeation  by  NtO„ 
Teflon  FEP  shows  considerably  lower  permeability  rates 
to  NX).  than  the  Teflon  TFE.  High  density  polyethylene 
and  Kynar,  a  vinylide.te  fluoride  material,  are  also  useful 
for  N.O,  service.  Kel-F  can  be  used  with  NX),  providing  the 
awflication  accounts  for  the  fact  that  it  suffers  a  consider¬ 
able  loss  <n  tensile  strength  due  to  absorption  of  NX),.  The 
only  elastomers  which  appear  to  be  useful  tor  dynamic 
applications  in  NX),  are  certain  butyl  rubbers  and  certain 
compounds  of  ethylene  propylene  rubber.  Wide  variations 
exist  from  compound  to  compound  within  these  materials 
classifications,  requiring  great  care  In  the  selection  of  a 
particular  compound.  No  customers  are  satisfactory  for 
long  term  service  in  NX),,  an  even  the  best  elastomers 
deteriorate  under  continuous  exposure.  Viton  and  fluoro- 
illlcone  elastomers  can  be  used  fer  NX)«  service  in  such 
applications  as  static  seals.  In  the  free  state,  fluorosilicovtes 
swell  as  much  at  300  percent  in  contact  with  N1O4; 
however,  they  retain  their  physical  properties.  Nltroeo 
rubber  has  been  used  satisfactorily  in  some  applications 
despite  jevere  permanent  bet  problems. 

1 2.5.11. S  COM  I*  ATIBIMT  Y  WITH  LUBRICANTS.  Lubri¬ 
cants  which  have  been  used  to  varying  degrees  of  success 
in  NX),  include  silicone  greases,  Kel-F  grease,  molybdenum 
disulfide.  ..croseal,  and  flake  graphite.  Dupont’u  K**ytox 
240  fluorinated  grease  is  compatible. 

Valve  Bodies 

Stainless  steels  302.  304,  316,  321,  347. 

Aluminum  alloys  (anhydrous  only,  attached  by  dilute  ni¬ 
tric  acid  formed  by  combining  NTO  with  water)  6061, 
356T6,  Tens  50,  3003,  2024. 

Titanium  alloys  (should  be  used  with  caution  if  high  Im¬ 
pact  loads  could  occur). 

Springs 

Stainless  steels  301,  304,  321,  347,  AM  350,  AM  355,  17- 
4 PH,  17-7PH;  alloy  steels  8630,  A-286;  Inconel,  Inconel-X; 
Ni  Span  C. 

Stems 

Stainless  steels  3?1,  347,  403,  410;  alloy  steels  A-286,  8630; 
Rene  41. 

Bellows 

Stainless  steels  303,  321,  S47 ;  Inconel-X. 

Bearings 

Stainless  steels  301,  301N,  410,  430,  440C. 

Valving  Units  (seats  and  poppets) 

Stainless  steels  303,  347,  403,  410;  Teflon;  Haynes  Stellite 
25;  aluminum  1100;  vinylidene  fluoride;  polyvinyl  fluoride. 
Nylon  unsuitable. 

Seals 

Teflon;  Kel-F  300,  aluminum  1100,  irradiated  polyethylene, 
vinylidene  fluoride,  polyvinyl  fluoride. 

Packing 

Teflon,  Kel-F  300. 

Lubricants 

Teflon  coatings,  flake  graphite,  molybdenum  disulfide, 
Kel-F  90,  Microseal  100-1,  silicone  greases,  Krytox  240 
fluorinated  grease. 

Bolts,  Nuts,  and  Screws 

Stainless  steels  303,  321,  347,  AM  350,  AM  365,  17-4PH, 
17-7PH;  alley  steel  A-286;  IncpnelOC.  i 
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Thread  Sealant*  and  Antiseize  Compounds 
Unentered  Teflon;  Redel  N.Oi  Thread  Sealant;  I. OX  Safe; 
Reddy  I.ube  100,  200;  Drllube  822. 

Coating* 

Chrome  plate  (free  of  pin  hole*),  gold. 

/  'oid  cadmium. 

Diaphragm* 

Stninlesn  steels  804,  321,  347;  alloy  steel  17-7P11. 

Mylar  satisfactory  f-»r  vapor  exposure  but  unsuitable  for 
liquid. 

Braae  Alloy* 

Permabraae  130  (82' i  Au,  18'i  Ni). 

12.5.12  Oxygen  Difluonde 

Oxygen  diiluroide  apparently  reacts  to  some  degree  with  all 
materials  of  construction.  Metals  burn  in  OF2  with  a  hot, 
intense  flame  if  they  are  ignited  by  being  raised  to  their 
kindling  temperatures.  OF2  reacts  spontaneously  with 
many  inorganic  and  organic  substances  (but  ignition  is  not 
reliable  so  latent  hazards  can  exist  in  an  OF2  system,. 
Reactions  of  explosive  suddenness  occur  when  some  mate¬ 
rials,  including  certain  metals,  ice,  and  even  fluorocarbon 
plastics,  are  subjected  to  impact  in  the  presence  of  OF  2 . 

This  reactivity  means  that  systems  for  OF 2  service  must  be 
thoroughly  cleaned,  dried,  then  deactivated,  for  a  spot  of 
matter  which  is  spontaneoualy  ignited  may  heat  the 
substrate  (of  normally  compatible  material)  to  its  kindling 
temperature  and  thus  start  a  nearly  uncontrollable  fire. 
Cleaning  and  drying  removes  unwanted  substances  and 
contamination  such  as  dirt,  grease,  scale,  moisture,  solid 
particles,  etc.  Cleaning  involves  degreasing,  descaling  and 
flushing.  The  e>  -aning  and  drying  process  normally  should 
be  followed  by  the  so-called  passivation  process  which 
further  de-activates  the  surface  by  causing  a  controlled 
reaction  to  occur  which  fluorihates  the  surface  without  the 
generation  of  excessive  temperatures.  Passivation  is  usually 
accomplished  by  cautiously  introducing  dilute  fluorine 
-s  because  OF2  apparently  is  not  as  reliable  a  reactant  as 
fluorine. 

Passivating  of  an  OF2  system  also  results  in  the  develop¬ 
ment  of  fluoride  films  which  are  capable  of  protecting  the 
surfaces  from  progressive  corrosion.  These  films  start  to 
form  immediately  upon  contact  with  fluorine-bearing  reac¬ 
tants  (Fj,  OF2,  ClFj,  etc.),  however  the  rate  of  formation 
and  the  uniformity  of  the  films  are  variable  because  the 
process  is  affected  by  local  conditions  (concentration  of 
reactant,  presence  of  moisture  and  other  contaminants, 
temperatures,  etc.).  Once  formed,  these  films  may  be 
transparent  or  appear  as  tarnish-like  stains  or  deposits. 
Some  fluorides  turn  white  if  contacted  by  moisture,  otners 
flake  or  dust  ur.der  certain  circumstances.  Unirormity  and 
tenacity  are  desired  in  the  films  as  this  minimises  the  depth 
of  corrosion  and  the  chances  of  malfunctions  due  to  the 
presence  of  fluoride  particles  in  the  system. 

CAUTION:  Careful  consideration  should  be  given  to  the 
selection  of  materials  when  components  are  designed  for 
use  with  fluorinated  oxidizers.  Materials  selection  should  be 


based  on  previous  satisfactory  material  compatibility  tests 
under  sta'ic,  dynamic  and  environmental  conditions  which 
are  aopllcsble  to  the  specific  design  contemplated. 

12.5.12.1  COMPATIBILITY  WITH  METALS.  The  amount 
of  compatibility  data  is  limited  but  there  appears  to  be  no 
major  problem  except  with  those  metals  which  are  impact 
sensitive  (lead,  tantalum,  titanium  alloys,  magnesium  alloy, 
etc.).  Metals  recommended  for  OF2  service  exhibit  con¬ 
siderable  resistance  to  corrosion  if  a  stable  fluoride  film  is 
maintained.  Aluminum  alloys  seem  to  be  pitted  slightly, 
stainless  steeis  are  mostly  resistant,  nickel  and  cooper  and 
their  alloys  are  slightly  pitted  or  stained  respectively.  Some 
of  these  materials  arc,  however,  susceptible  to  increased 
corrosion  and  pitting  if  the  OF-  is  contaminated  with  water 
(tyDe  316  stainlers  steel  is  worst  in  this-  regard,  followed  by 
Type  1100  and  2024  aluminum  alloys,  and  also  measurably 
affected  are  type  347  stainless  steel,  columbium,  brass 
70-30,  and  the  Cufenloys).  The  presence  of  fluorocarbonc 
seems  to  increase  corrosion  rates. 

A  jet  of  OF2  may  erode  or  pit  metals;  type  1100  aluminum 
is  not  very  resistant  to  this  condition,  but  Monel  400A, 
Type  316  and  347  stainless  steel,  nickel  200,  Type  2014 
aluminum  alloy,  columbium,  type  6061  aluminum  alloy, 
and  Cufenloy  40  show  good  to  fair  resistance.  Aluminum 
alloys  2014,  2219,  and  6061  are  subject  to  intergranular 
corrosion  adjacent  to  welds  but  no  metals  have  been  found 
to  be  prone  to  stress-corrosion  cracking  in  OF2.  The 
300-series  stainlrss  steels,  copper,  aluminum  alloys,  Monel, 
and  nickei  have  been  used  for  OF2  service  at  temperatures 
up  to  +400°F.  In  addition  to  the  metals  mentioned  above, 
the  following  have  exhibited  resistance  to  impact  and 
corrosion:  Types  AM350,  AM355,  and  410  stainless  steels, 
Type  PH15-7M0  steel,  Inconel  X,  and  Rene  41.  (Embrittle¬ 
ment  at  low  temperatures  will  rule  out  Type  410  stainless 
steel  for  some  applications.) 

12.5.12.2  COMPATIBILITY  WITH  NON-METALS.  No 
polymers  are  known  to  be  generally  suitable  for  OF- 
service.  Teflon,  KelF-81,  fluorosilicones,  and  vinyl  silicone 
elastomers  have  been  used  under1  limited  conditions  but  all 
of  these  are  known  or  suspected  to  be  impact  sensitive 
Limited  tests  have  shown  sintered  alumina  (AI2Oj)  and 
Pyrex  glass  to  be  insensitive  to  impact.  At  about  -r390oF 
the  glass  would  be  attacked  by  OF 2 ;  no  data  are  available 
concerning  the  high  temperature  suitability  of  alumina. 

Valve  Bodies 

Stainless  steels  304,  304ECL,  316,  321,  347;  Monel, 
K-Monei;  aluminum  alloys  356T6,  M517,  359T6,  6061, 
5052,  3001,  Tens  50;  Cufenloy  10,  Cufenlov  40,  brass 
70-30. 

Springs 

Stainless  steels  304ELC,  316,  321,  347;  Inconel,  Inconel-X, 
inconel  W;  K-Monel. 

Stems 

Stainless  steels  321,  316,  347,  403,  410,  422;  K-Monel; 
Rene  4  i. 

Bellows 

Stainless  steels  304ELC,  316,  321,  347;  Monel,  K-Monel; 
Inconel -X. 
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COMPATIBILITY  OF  PERCHIORYL  FLUORIDE 
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Braings 

Stainless  steels  301,  301N;  aluminum  6061;  hard  anodised 
copper. 

Vafrlnj  Units  (seats  and  poppets) 

Stainlaas  steels  3ie,  3*11,  347,  403,  410,  428;  Monel, 
copper;  Uuminum  1100;  alumina. 

Seals 

Beryllium-copper,  copper,  aluminum,  brass,  60-60  tin- 
indium  alloy  and  tin;  lead,  Xel-F  81,  Teflon  (avoid  impact), 
vinyl  silicone,  impact  sensitive. 

Tacking 

Copper,  pure  tin  (corrodes  rapidly),  Teflon,  Kel-F  (impact 
sensitive). 

Lubricants 

Molybdenum  disulfide. 

Bolts,  Nuts,  and  Screws 

Stainless  steeL  304,  321,  347;  lnconel-X;  Monel;  K-Monel. 
Thread  Sealants  and  Antlselse  Compounds 
Unentered  Teflon  and  Permatex  Nos.  2  and  3  applied  to  all 
but  the  first  t«o  threads  of  the  male  fitting. 

Coatings 

Hard  nickel  piate,  chrome  plate,  anodise  (aluminum). 

Diaphragms 

Stainless  steels  304ELC,  316,  321,  347;  Monel,  K-Monel; 
beryllium  copper. 

Mylar  is  unsatisfactory. 

12.5.13  Pentaborane 

Pentaborane  reacts  vigorously  with  many  oxygen-containing 
materials  such  as  water,  air,  and  metal  oxides,  and  it  reacts 
with  many  reducible  organic  compounds.  For  this  reason, 
considerable  care  should  be  exercised  in  the  selection  of 
materials  to  be  used  with  pentaborane  in  order  to  avoid  the 
use  of  any  organic  compounds  containing  a  reducible  func¬ 
tional  group. 

12.5.13.1  COMPATIBILITY  WITH  METALS.  No  metals 
are  known  to  be  incompatible  with  pentaborane  at^ordinary 
room  temperatures  and  atmospheric  pressure,  although  be¬ 
cause  of  its  strong  reducing  potential,  pentaborane  will 
reduce  some  metal  oxides. 

12.5.13.2  COMPATIBILITY  WITH  NONMETALS.  Nearly 
all  of  the  common  rubbers  swell  when  exposed  to  penta¬ 
borane.  Nonmetals  considered  compatible  with  pei.taborane 
include  Teflon,  polyethylene,  polypropylene,  Viton  A,  Kel-F, 
and  fluorosilicone  rubbers.  Nonmetals  found  to  be  incom¬ 
patible  with  pentaborane  include  nylon,  Mylar,  polyure¬ 
thane,  Neoprene,  styrene,  rubber,  Buna-N,  butyl  rubber, 
and  silicone. 

Valve  Bodies 

Stainless  steels  304,  316,  321,  347;  alloy  steel  4130. 

Springs 

Stainless  steels  302,  304,  321,  347,  17-7PH;  K-Monel. 

Stans 

Alloy  steel  17-7PH;  K-Monel. 
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Bellows 

Stainless  steels  304,  321,  347;  Monel,  K-Bfcjual;  Inconel. 

Bearings 

Alloy  steel  4130. 

Valving  Unite  (seats  and  poppets) 

Teflon,  Kel-F,  copper. 

Seals 

Teflon,  Kel-F. 

Packing 

Teflon,  Kel-F. 

Lubricants 

(See  comment  above.) 

Bolts,  Nuts,  and  Screws 

Stainless  steels  304,  321,  347,  I7-7PH;  alloy  steel  4130; 
Monel. 

Thmed  Sealants  and  Antiseize  Compounds 
Teflon  tape. 

Coatings 

(No  specific  coating  haa  been  reported  acceptable.) 

Diaphragms 

Stein  lets  steels  304,  321,  347’  Teflon. 

12.5.14  Ptrchtary!  Fluoride 

Perchioryl  fluoride  is  much  less  reactive  than  either  fluorine 
or  chlorine  trifluoride,  its  chemicnl  behavior  being  much 
more  like  that  of  „xygen. 

12.5.14.1  COMPATIBILITY  WITH  METAL8.  The  corro¬ 
sion  resistance  of  metals  with  perchioryl  fluoride  depends 
largely  on  the  moisture  content  of  the  propellant.  Under 
moist  conditions,  300  series  stainless  steels  and  high  nickel 
alloys  are  recommended;  however,  dry  perchioryl  fluoride 
can  be  safely  handled  with  aluminum  alloys,  nickel  alloys, 
magnesium,  copper,  brass,  bronse,  carbon  steel,  lead,  sine, 
and  stainless  steels.  Although  not  attacked  by  perchioryl 
fluoride  under  quiescent  conditions,  titanium  is  not  recom¬ 
mended  for  perchioryl  fluoride  service  due  to  reaction  under 
impact  conditions. 

12.5.14.3  COMPATIBILITY  WITH  NONMETALS.  Most 
organic  polymers  should  be  avoided,  due  to  attack  by  per¬ 
chioryl  fluoride.  Exceptions  are  the  fluorinated  plastics, 
Teflon,  and  Kel-T  which  can  be  used  under  certain  service 
conditions,  although  these  materials  have  a  tendency  to  fail 
when  subjected  to  heat,  shock,  or  flow  conditions. 

12.5.14.3  COMPATIBILITY  WITH  LUBRICANTS.  Per¬ 
chioryl  fluoride  should  never  be  brought  Into  contact  with 
petroleum  greases,  oils,  pipe  compounds,  etc.,  or  with  con¬ 
ventional  valve  greases,  oils,  and  pipe  compounds.  The  only 
lubricants  found  to  be  suitable  are  the  fluorocarbons,  for 
example,  Fluorolube. 

Valve  Bodies 

Stainless  at  veil  304,  310,  314,  316,  321;  Hsstelloy  B,  Has- 
teiloy  C;  Monel;  Durimet  20. 

Springs 

Stainless  steels  804,  821. 
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Sterna 

Stainless  steel  821. 

Bellows 

Stainless  steels  804,  321;  Monel. 

Bearings 

(None) 

Valving  Units  (setts  and  poppets) 

Stainless  steels  804,  821;  Kel-F;  Teflon. 

Seals 

Vlton  B,  Teflon,  Kel-F. 

Packing 
Teflon,  Kel-F. 

Lubricants 

Fluorolubes. 

Bolts,  Nuts,  and  Screws 
Stainless  steels  804.  821;  Monel. 

Thread  Sealants  and.  Antiseise  Compounds 
Teflon  tape. 

Coatings 

(None) 

Diaphragms 

Stainless  steels  304, 321 ;  Teflon. 

12.5.15  RP-1 

RP-l,  like  most  hydrocarbon  fuels,  does  not  present  any 
major  compatibility  problems. 

12.5.15.1  COMPATIBILITY  WITH  METALS.  RP-1  is  com¬ 
patible  with  most  metals  teed  in  liquid  rocket  systems 
Exceptions  are  copper  alleys  such  as  brass,  bronze,  and 
beryllium  copper  which  should  not  be  used  in  continual  con¬ 
tact  with  hydrocarbon  fuels  due  to  a  tendency  to  gum 
formation. 

UL5.15.2  COMPATIBILITY  WITH  NONMETALS.  A  va¬ 
riety  of  nonmetals  are  satisfactory  for  RP-1  service.  Kel-F , 
Toflon,  Viton  A,  Neoprene,  Buna-N,  Mylar,  and  nylon  are 
among  the  acceptable  materials.  Nonmetals  which  should 
be  avoided  in  RP-1  service  are  butyl  rubbers  and  silicones. 

Valve  Bodies 

Stainless  steels  304,  304 L.  316.  321,  347;  alloy  steels  4130, 
4340;  titanium;  Monel;  vlumirum  alloys  2024,  7075,  356T6, 
6061,  5052. 

Springs 

Stainless  steels  304,  321,  347,  17-7PH-  Inconel:  carbon 
steel;  alloy  steel  A-286. 

Stems 

Stainless  steels  321,  347;  alloy  steels  4130,  A-286. 

Belliws 

Stainless  steels  304,  321,  347 ;  Monel. 

Bearings 
Alloy  steel  4180. 
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Vslving  Units  (seats  and  poppets) 

Stainless  steels  804,  321,  347;  nylon;  Haynes  25;  Kei-F- 
Teflon. 

Seals 

Teflon,  Kcl-F,  Viton  A,  Buna  N,  Neoprene,  polyethylene. 

Packing 
Teflon,  Ksl-F. 

Lubricants 

Fluoroiubes,  silicone  greone,  dry  Aim  lubes. 

Bolts,  Nuts,  and  Screws 

Stainless  steels  304,  321,  347, 17-7PH;  Monel. 

Thread  Sealants  and  Antiseize  Compounds 
Unsintered  Teflon  tape, 

Coatings 

Cadmium,  chromium,  nickel. 

Diaphragms 

Stainless  steels  304,  321,  347;  Teflon:  Mylar. 

12.5.16  Unsymmatrical  Dimethylhydrazine  (UDMH) 

Unsymmetricai  dimethylhydrazine  (UDMH),  unlike  hy¬ 
drazine,  is  thermally  stable  at  temperatures  well  above  its 
boiling  poi  it.  Substances  which  cause  violent  decomposition 
of  hydrazine  in  the  presence  of  air  have  little  or  no  effect 
on  UDMH. 

12.5.16.1  COMPATIBILITY  WITH  METALS.  UDMH  is 
compatible  with  most  common  metals,  including  mild  steel, 
300  series  stainless  steels,  nickel,  aluminum  alloys,  mag¬ 
nesium  alloys,  and  titanium  alloys.  Copper  and  brass  are 
not  recommended  for  use  with  UDMH  due  to  chemical  attack 
by  the  propellant. 

12.5.16.2  COMPATIBILITY  WITH  NONMETALS.  UDMH 
is  a  powerful  solvent,  causing  swelling  of  many  nonmetallic 
materials.  Nonmitals  found  to  be  satisfactory  for  UDMH 
service  include  Teflon,  polyethylene,  nylon,  Kel-F,  Neoprene, 
and  butyl  rubber. 

Valve  Bodies 

Stainless  steels  303,  304,  316,  321,  347;  aluminum  alloys 
6061,  3003,  366T6,  2024;  brass;  titanium  A-5£6,  t>Al  4V, 
B-120VCA;  magnesium  AZ-32-F,  AZ-31B-0. 

Springs 

Stainless  steels  301,  321,  347,  17-4PH,  17-7PH-;  alloy  steel 
A-286;  Inconel;  Monel. 

Stems 

Stainless  steels  321,  347.  403,  410,  AM  360,  AM  355, 17-4PH, 
17-7PH;  alloy  steel  8630. 

Bellows 

Stainless  steels  303,  321,  347;  Inconel-X. 

Bearings 

Stainless  steels  301,  301N,  403,  410,  440C;  alloy  steel  4130. 
Valving  Units  (seats  a  .id  poppets) 

Stainless  steels  303,  347,  *10,  AM  350,  17-4PH;  Teflon; 
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aluminum  1100;  polypropylene;  copper;  polyethylene; 
nylon;  Kel»F. 

fhih 

Teflon;  aluminum  1100;  butyl  rubber  compound*  823-70 
(Parco),  B480-7  (Parker),  ethylene  propylene  rubber 
KB16-8  (Paiker),  A1375  (Stillman),  0257  (Precision);  poly¬ 
propylene;  polyethylene;  Clsi-poly  butadiene;  Kel-P. 

Packing 
Teflon,  Kel-F. 

Lubricant* 

Teflon  coating,  carbon  graphite,  Apieaon  L,  Reddy  Lube 
200.  Krytox  240  fluorinated  grease. 

Bolt  a,  Nuts,  and  Screws 

Stainlesa  steels  303,  321,  347,  AM  350,  AM  355,  17-4PH, 
17-7PH;  Inconel-X. 

Thread  Sealants  and  Antlseits  Compounds 
Unsintered  Teflon;  Redel  UDMH  Sealant,  LOX  Safe  (ex¬ 
terior  use  only). 

Coatings 
Chrome  plate. 

Diaphragms 

Stainless  steels  304,  321,  347;  Teflon  TFE  and  FEP. 

Mylar  unsuitable. 

12.6  PERMEABILITY 

Permeability  data  for  various  materials  to  gases  and  to 
water  are  presented  in  the  tables  on  the  following  pages. 
All  the  data  given  are  for  a  temperature  of  77* F  (permea¬ 
tion  rate  no.mally  varies  exponentially  with  temperature 
variation).  Permeation  rate  is  directly  proportional  to  pres  ■ 
sure  difference!  in  the  case  of  polymers,  and  varies  as  the 
square  root  of  pressure  differential  in  the  case  of  metals. 


TablP  11.6a.  Farm— imp  gf  Matrta  ta  6mm  m  Tf'f 

(fMtftnct  479-1) 
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iwv  AAiVri  rwTTiVHRnj  w  w|inwi«  nwiRimt  m  ih 

(totofnem  47#;  ood  4W*t) 

oca  at  7T*P 

•7  7 

Permeobtlity  Karen  10"  *€«/*•  c/en  /mi,. /atm 


Polymer 


Natural  rubber 


23 

5.6 

17.5 

3.4 

0.74 


2 


.6 
.22 
.9 
0.89 
0.0031 


2 


18 

0.9C 

13 

3.0 

0.019 


102 

3.P 

94 

19.5 


Table  18.8c.  PermeebWty 


of  PoiymoH*  Material*  to  water  at  77*P 

(Wrmci  47t-l) 


Polymer 

Permeation  Rate 

Iff7  *oc/**c/em2/mm/etm 

Nature  1  rubber 

2600 

Mylar  A 

98.9 

Polyvinyl  chloride 

110 

Nylon  6-6 

53-516  (humidity  dependent) 

Kel-F 

0.22 

Note:  A  eogwwwt  cad  waptiMMw  arm 
JUnqm*  Application*",  mtaoto  Institute 
ilTRl  Project  08070,  March  1908. 

(mb  tide  reference. 


eeorce  of  permeability  data  ia  Reference  152*12,  "Permeability  Data  for 
of  Technology  Research  Institute,  Chicago,  Contract  To.  NAS7-38S, 
81s  A  8.  S3  of  thlr  handbook  contain*  permeability  conversion  factor* 
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lt.7  FRICTION  COCFFICICNTt 

The  design  of  temrepenta  which  havo  porta  In  sliding  con- 
toot  frequently  requires  oome  estimate  of  thr  coefficient  of 
frijtion  at  tho  sliding  interface.  Table  11.7  eontlata  of  a 
summury  of  published  data  considered  to  bo  of  potential 
value  to  tho  fluid  component  designer. 

Moat  comprahonalvo  studies  of  friction  coefficients  hav* 
evaluated  tho  effects  of  some  or  ell  of  the  following  factors: 

Temperature 
Surface  flntahea 

Load 

Actual  contact  area 
Bltding  velocity 
Oxide  and  other  (lima 
Lubricant  properties 
Metal  structure. 

Discrepancies  betwaon  values  In  Table  18.7  for  the  same 
material  combinations  obtained  from  diiferent  sources  map 
be  due  to  e:*ch  factors  or  to  differences  in  experimsntal 
technique. 

To  supplement  the  available  experimental  b.  'a  oC  Table 
18.7,  Figure  18.7,  baaed  on  Rabinowies's  surface  energy 
theory,  has  been  included  to  assist  in  estimating  frtct'on 
coefficient  values  for  material  combinations  not  listed  in 
Table  18.7.  The  extent  of  the  shading  in  Figure  117  shows 
tho  probable  range  o{  values,  there  being  about  e  90  percent 
prcbebllit}  of  getting  a  point  within  the  shaded  region. 


* 


ft  cum 

IN  HIOH  VACUUM 


IN  MB 


« tagiuittiami 

WATU,  OAROUNC, 
NON-WTTTINO 
LIQUID  MIT  At 


t4Kt  MISWAL  OIL, 
vnriNO  LIQUID  MITAL 


S  aooo  OJIBICANI 

MiMSAL  «L  MTH  UIMHCITY 
ABftTIvn, 

PATTY  OIL, 

OOOD  SYNTHITIC  LUBRICANT 


Figure  117.  hen  ore?  Purpose  Friction  Chart 

(Adspted  vliti  permission  from  "Product  tntlrmrtof," 

'SStXUSiRiSti '4?B»  W1®* 
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TaMt  11.7.  ttetie  end  Klnatte  Friction  CoiWdcnU  (Continued) 
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Table  12.7.  Static  and  Ktntalc  Mctftn  Cotfftetanta  (CanttaMi) 


MaTGMAU 

STATIC 

KINITIC 

wry 

LUSMCATtD 

DRV 

LUMCATtO 

RIMAiOCS 

mm  aaatim  an 

LC-I  ■  MS  CrjCj  ♦  IM  Nl-Cr 

IW-1  -  WC  ♦  ria)0%  C, 

LV?-3  ^J*n?WC  -  7%  N1  +  mtaad 

W-C  akMa 

IC-S-SMkCrjOj  +  WXAIjOs 

lA-t «  RMS  AlaQi 

Kartantaa"  -  TtC 

IMt  U4  — . . - . 

1 

• 

i 

• 

t 

< 

l 

i 

• 

• 

l 

i 

C 

r 

o.ti-o.r  Im 

O.M  **,!*►. 

nffia>  *  k  *  *  *’“*  ****** 

IMa  IC-J  'Slarw-StaM*  watfe*  ar  !m>f 
tVUj  IA-I  »flawa  ftatad*  A  Wins  aw 

UiW  y 

oitt-o.S  &ii 
o.n-o.ao  mi 

UrtatW-l . 

1 

1 

1 

• 

• 

• 

• 

1 

f 

1 

1 

t 
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LUBRICANTS 

(a)  Oleic  acid 

(b)  Auasitic  spindle  oil  (light  mineral) 

(c)  Castor  oil 

(d)  Lard  oil 

(e)  Atlantic  spindle  oil  plus  2  percent  oleic  acid 

(f)  Medium  mineral  oil 

(g)  Medium  mirerai  oil  plus  %  percent  oleic  acid 

(h)  Stearic  acid 

(i)  Grease  (sine  oxide  base) 

(j)  Graphite 

(k)  Turbine  oil  plus  1  percent  graphite 

(l)  Turbine  oil  plus  \  percent  stearic  acid 


(m)  Turbine  oil  (medium  mineral) 

(n)  Olive  oil 

(p)  Palmitic  acid 

(q)  Ricinoleic  acid 

(r)  Dry  soap 

,(s)  Lard 

(t)  Water 

(u)  Rape  oil 

(v)  3-in-l  oil 

(w)  Octyl  alcohol 

(x)  Triolein 

(y)  1  percent  lauric  acid  in  paraffin  oil 

(s)  Cholesterol 

(aa)  Water  vapor 

(bb)  Extreme  pressure  mineral  oil 

(cc)  Graphited  mineral  oil 

(dd)  Trichlorethylene 

(ee)  Alcohol 

(ff)  Glycerine 

(gg)  SAE  100:1 

(hh)  MoSi  resin-bonded  Aim,  estimated  thickness 
0.005  in. 

(ii)  Rubbed  graphite  film,  estimated  thikneas 

0.0005  i  . 

(JJ)  Lead  monoxide 

(kk)  Tin  coating 

(11)  Gold  coating 

(mm)  Lead  coating 

(nn)  Silver  coating 

(oo)  Gallium  coating 

(pp)  Liquid  nitrogen 

(qq)  FeS  film,  approximately  1000A  (4  x  10  ‘  in.) 
thick 

(rr)  FcCL 

(ss)  Ceramic-bonded  MoS,  film,  0.0002  to  0.0008  in. 
thick 

(tt)  Metal-matrix-bonded  MoS,  film,  0.0002  to  0.0003 

in.  thick 

(uu)  Silicone-resin-bonded  MoS,  film,  0.0002  to  0.0003 
in  thick 

(w)  Phenolic-epoxy-bonded  MoS,  filir,  0.0002  to 
0.0003  in.  thick 
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LUBRICANTS  (Continued) 

(ww)  Silver  plate 

(xx)  Rolled  ftlm 

(yy)  Metal-free  phthalocyanine 

(ax)  MoSj  (see  also  listings  hh,  ss,  tt,  uu,  and  vv) 

(aaa)  Lead  oxide  (litharge) 

(bbb)  Flake  graphite 

(ccc)  Boron  nitride 

(ddd)  Stearates,  metallic  soaps 

(see)  Octadecyl  (steryl)  alcohol 

<  fff )  Liquid  hydrogen 

(ggff)  Sodium 

(hhh)  Oxide  film 

(iii)  Sulphide  film 

(jjj)  Oil  bath,  viscosity  160  saybolt  universal  sec. 

(kkk)  Water  and  abrasive  dust 
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81-11** 


609-3** 

36-19** 

36-80** 

38-aif* 

A7A.7** 


113  PROPERTIES  OP  FLUIDS 

Storable  Propellant* 

34-14  486-1  773-1**  81-11* 

S4-19  491-1  36-18** 

81-4  498-1  36-80** 

831-1  887-4  35-81** 

Cryogenic  Flnids 

84-15  166-1  493-1*  509-3** 

88-15  476-1  582-1*  36-19** 

106-10  486-1  698-1**  36-80** 

Water  35-21f* 

138-1  608-1  478-7** 

409-8  £64-1 

Hydraalie  Floida 
42-1  V-874 

Gaaea 

34-15  248-1  158-7*  C22-1* 

138-1  486-1  566-1*  863-1* 

166-1  498-1  561-1*  698-1** 

134  PROPERTIES  OF  POLYMERS 

Elastomers 

19-887  66-88 

66-16  66-89 

_  66-1  479-1 

Flsstks 

1-279  66-31  104-4* 

19-236  117-10 

-  66-30  310-1 


12.4  PROPERTIES  OF  METALS 


Hydraaint 

34-6  117-18  : 

34-80  131-86  I 

88-4  887-4 

44-16  468-2 

§1-4  104-8* 

Hydrogen  Peroxide 
44-16  468-8 

887-4  101-3*  I 

Llgaid  Hydrogen 

34-9  160-1  ■ 

44-16  887-4  ) 

181-88  468-8 

Ldgnid  Oxygen 

34-9  131-86 

74-15  287-4 

v  44-18  4614 

M  anew  athy  thydrasins 
44-16  897-4 

181-86  468-8 

Faming  Nitric  Acid 
44-15  468-8 

897-4  104-3* 

Nitrogen  Tetrexlde 
844)  147-17 

34-80  287-4 

44-16  462-2 

81-4  609-1 

181-85  36-29* 


147-17 

287-4 

462-8 

609-1 

38-29* 


Oxygen  Diflneridc 
84-9  181 -i 


131-40** 

88-3** 


36-18** 

86-8** 

44-32* 

104-3* 


104-8* 


104-3* 

131-40** 


44-30* 

44-32* 

104-3* 

773-1** 

131-40** 


88-3** 


131-88  131-40** 
104-8*  446-4** 


*3-29  286-4  286-5*  647-4*  647-7* 

136*7*  t^*-  286*?*  647*8'  W4*1’ 

136-7  286-0  647-3*  647-6* 
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104-3* 


131-40** 


Aeroaine-66 

81-4 

34-20 

34-9 

131-25 

Ammonia 

44-16 

452-2 

287-4 

104-3* 

Chlorine  Trifluorkte  a 

34-3 

131-25 

35-6 

287-4 

44-15 

452-2 

Diborane 

506-1** 

131-40* 

* 

Flaerine 

34-9 

131-25 

44-16 

287-4 

44-16 

104-3* 

36  7  287-4  104-3* 

44-16  452-2  131-40** 

131-26  86-3** 

Pcrtfc'eryl  FIneride 

*4-16  462-2  131-40** 

.  131-26  486-1 

RP-1 

462-2  104-3* 

Unaymuietrice!  Dimethylhydrnaine 
34-9  131-26  104-3* 

34-20  887-4  131-40** 

44-15  452-2 
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35-19*'* 


007-1** 

607-2** 


131-40**  86-3** 


36-38** 

183-10** 


476-1 

476-2 

163-12** 
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13.1  INTRODUCTION 

The  purpose  of  th«  Environments  Section  is  to  (1)  describe 
the  kinds  of  environments  oncountered  In  the  rocket  sys¬ 
tem,  the  atmosphere,  and  in  space;  and,  (2)  discuss  the 
implications  of  environmental  extremes  on  fluid  .omponent 
design.  The  rocket  system  environment  is  described  with 
respect  to  pressure  (Sub-Section  13.2),  temperature  ( Sub- 
Section  13.5),  and  acceleration,  shock,  and  vibration  (Sub- 
Section  13.3).  The  atmospheric  environment 's  discussed  in 
Sub-Section  13.4.  The  space  environment  (Sub-Section 
19.6)  is  characterised  by  vacuum,  particle  and  electro¬ 
magnetic  radiation,  meteoroids,  and  sero  gravity,  as  well 
as  the  environments  of  the  planoa  of  the  solar  system. 

Although  not  strictly  an  environment,  corrosion  which 
results  from  atmospheric  or  rocket  system  environments 
is  discussed  in  Sub-Section  13.7.  More  detailed  rocket 
propellant  compatibility  data  is  given  in  Sub-Section  12.5. 

Environmental  testing  Is  treated  specifically  in  Sub- 
Section  15.7. 


13.2  PRESSURE 
13.2.1  INTRODUCTION 

13.2.3  TERMINOLOGY  RELATED  TO  PRESSURES 
ABOVE  ONE  ATMOSPHLRE 
13.2.3  DESIGN  CONSIDERATIONS  FOR  HIGH 
PRESSURE 

13.2.3.1  Leakage 

13  3.3.2  Dtmenalena!  Changes 

12.2.3.2  Actaatiea  Forces 
13.2.8.4  Stractaral  Integrity 

13.2  PRESSURE 
13.2.1  Introduction 

The  subject  of  pressure  can  be  divided  into  two  major 
categories;  (1)  pressures  above  one  atmosphere  and,  (2) 
pressures  below  ono  atmosphere.  Pressures  above  one  at¬ 
mosphere  are  encountered  primarily  as  system  pressures 
(internal  environment)  while  pressures  encountered  below 
one  atmosphere  include  aerospace  environmental  pressures 
ae  well  as  vacuum  ayatem  pressures.  The  range  of  pres¬ 
sures  through  which  aerospace  fluid  components  may  be 
expected  to  operate  in  the  near  future  varies  from  a  low 
pressure  approximately  10  torr  (mm  Hg),  which  is  the 
approximate  pr assure  of  interplanetary  space,  to  a  high 
intarnal  system  pressure  of  approximately  10,000  psi. 
Table  13.2.1  presents  the  range  of  pressures  encountered, 
imposed  r'tner  by  the  system  or  by  ths  natural  ambient 
environment.  Since  the  design  considerations  fur  pressu.es 
below  one  atmoephero  are  treated  under  “Space  Vacuum" 
in  Sub-Topic  li-.fi,  theae  paragraph!  are  limited  to  design 
considerations  for  pressure  above  one  atmosphere. 

ISSUED:  FEBRUARY  1970 
SUPERSEDES:  MAY  1  >44 


13.2.2  Terminology  RMatH  to  Prmurts 
Abovo  Ono Atmotphoro 

There  is  no  genera’  agreement  as  to  a  quantative  definition 
of  the  term  high  prrnmtrr.  Beyond  the  fact  that  high  pres¬ 
sure  Is  in  excess  of  one  atmospheie,  engineers  working 
with  hydraulic  systems,  pneumatic  systems,  or  propellant 
feed  systems  have  significantly  differing  concepts  as  to  the 
magnitude  implied  by  the  term  high  pressure.  For  pur- 
t  see  of  this  handbook,  the  following  definitions  are  used; 

Low  pressure:  one  atmosphere  to  500  psia 
Medium  pressure:  500  to  3000  psia 
High  pressure:  3000  to  10,000  psia 
Ultra  high  pressure:  alcve  10,000  psia. 

P,'ee*nre  r.-quireiren  for  fluid  components  are  usually 
specified  in  terms  of  operating  pressure,  proot  pressure, 
and  burst  pressure.  These  terms  are  defined  as  follows: 

Operating  pressure:  the  maximum  pressure  to  rrhich  a 
component  will  be  subjected  during  normal,  antici,>ated 
service. 

Proof  prtiiun:  a  pressure  above  the  operating  pressure 
which  provides  an  operational  safety  margin.  This  safety 
margin  accounts  tor  factors  such  as  unusual  dynr.ipic  con- 
dit'ons,  for  instance  pressure  surges  which  can  provide 
transient  pressure  conditions  in  excess  of  a  normal  oper¬ 
ating  prewure.  A  component  must  be  designed  to  with¬ 
stand  sustained  exposure  to  its  proof  pressure  witn  no 
degradation  in  its  operational  performance.  For  airborne 
systems  the  proof  pressure  is  often  specified  as  1.5  to  2 
times  the  operating  pressure.  (See  Sub-Topic  14.7.1.) 

Bunt  prexture.  a  non-operational  pressure  level  in  excess 
of  the  proof  pressure,  established  to  provide  an  additional 
margir.  of  safety  to  the  component  in  the  event  of 
unschedv'ed  pressures  in  excess  of  the  operational  level. 
The  component  must  be  capable  ol  withstanding  the 
burst  pressure  without  structural  failure  to  assure  that 
there  is  no  hazard  to  personnel  or  equipment.  The  con.- 
poi.ent  is  not  normally  required  to  meet  operational  per¬ 
formance  after  exposure  to  its  burst,  pressure.  Burst 
requirements  have  been  met  if  the  component  has  not 
ruptured,  even  though  leak  jgt  is  excessive  and  other 
operational  performance  parameters  are  out  of  specifica¬ 
tion  by  virtue  of  some  permanent  damage  to  me 
component.  Usual  standards  for  ground  equipment 
specify  burst  pressure  at  four  times  the  operational  level 
for  non-shock  conditions.  On  airborne  equipment,  burst 
pressures  are  commonly  defined  as  two  times  the  opera¬ 
tional  premure.  (See  Sub-Topic  14.7.1.) 

Airborne  equipment  design  is  commonly  based  on  nroof 
pressure.  Minimum  dimensions  are  determined  using  proof 
pressure  loading  and  an  allowable  design  stress  to  sume 
fraction  of  the  yield  strencth.  Values  of  50  to  00  percent 
of  the  yield  stress  are  commonly  employed  for  making 
design  calculations,  with  the  specific  value  being  dependent 
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TaM*  11,2.1.  Presume  Invieonments  fer  VaHeua  tyatami  end  Components 
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Extreme  Vacuum 
lO"  —  10  *  mm  Hg 

Ultra-High  Vacuum 
10  ’  —  10  "  mm  He 

High  Vacuum 
10  ‘  — 10  *  mm  Hg 

Medium  Vacuum 
1  — 10-  mm  Hg 

Rough  Vacuum 
14  .7  pal  —  i  mir  Hg 

1  Atmosphere 

14.7—100  psi 


100  —  500  psi 

GOO  —  1000  psi 

1000  —  2000  psi 
200(|  _  3000  psi 

3000  —  5000  psi 
5000  —  6000  psi 

6000  —  1 0.000  psi 
10,000  —  30,000  psi 

30,000  —  50,000  psi 


Space  environmental  pressure;  affects  spacecraft  operating  in  the  space  and  lunar 
environment. 

Includes  the  upper  region  of  the  Ionosphere  and  the  exosphere;  affects  missiles, 
space  boosters,  and  spacecraft. 

Includes  the  ionosphere;  effects  missiles,  space  boosters,  and  spacecraft. 

Includes  the  upper  region  of  the  stratosphere;  affects  ml*siius. 

A*--* 

Includes  the  troposphere  and  lever  stratosphere;  affects  missiles  and  ..imaft. 

Earth  ambient  atmoapherlc  pressure;  a  (facts  rll  components  and  systems. 
Hydraulic  and  pneumatic  control  systems,  Includlrg  attitude  control  for  space 
vehicles.  Regulated  propellant  pressurant  on  some  missiles.  Low  pressure  rotary 
pumps. 

Hydraulic  and  pneumatic  control  systems.  Regulated  pressuranta  for  liquid  bipro¬ 
pellant  rocket  engines  for  space  vehicles. 

Liquid  rocket  propulsion  system  for  attitude  conttol  of  lunar  space  vehicle.  High 
pressure  vane  ard  gear  pumps. 

Current  and  future  fuel  pressures  for  aircraft  systems.  Mobile  equipment. 

Stored  pressuranta  for  spa,.e  vehicles  and  missile  propulsion  systems.  High  pres¬ 
sure  piston  pumps. 

Stored  pressuranta  for  missile  and  spacecraft  propulsion  systems. 

Proposed  high  pressure  hydraulic  piston  pumps.  Maximum  capability  of  available 
axial  piston  pumps 

High  pressure  radial  piston  pump  and  actuators. 

Liquid  springs  and  spring  shocks  used  on  suspension  and  landing  gear  systems. 
High  energy  shock  absorbers  and  accumulators. 

Fluid  compressibility  devices  for  research  and  development 


on  fabrication  ni'**  ::ods,  material  characteristics,  surface 
finishes,  and  accuracies  with  which  actual  stresses  can  be 
predicted.  Stresses  must  also  be  checked  at  the  burst  pres¬ 
sure  to  detevr  h  :hat  tne  ultimate  strength  of  the  mate¬ 
rial  has  not  bi  receded. 

13.2.3  Dtsign .nskferations  for  High  Pressure 

In  the  following  Detailed  Topics,  problem  areas  associated 
with  the  design  of  6>  I  components  for  high  pressure  are 
discussed. 

13.2.3.1  LEAK AG L  taknge,  one  of  the  most  common 
problems  with  fluid  components,  is  usually  magnified  as 
the  pressure  level  is  increased.  Exceptions  are  certain 
pressure  loaded,  or  pressure  energised,  seals  which  develop 
higher  sealing  forces  as  pressure  levels  increase.  The  sub¬ 
ject  of  leakage  is  covered  in  the  following  sections  of  the 
handbook : 

Sub-Topic  3.11.5,  “Tortuous  Passages.”  These  paragraphs 
cover  ;hc  basic  theory  of  leakage  flow  and  presents  data 
on  the  permeation  of  gases  th-oi  gh  various  materials. 


Sub-Sectio  j  0.3  and  6.4,  "Seals,”  These  paragraphs  treat 
the  subject  of  design  and  selection  of  static  and  dynamic 
seals. 

13.2.3.2  DIMENSIONAL  CHANGES.  Dimensional  changes 
occurring  under  pressure  loading  must  be  carefully  con- 
s'deied  in  the  design  of  components  which  must  operate  at 
elevated  pressures.  Strains  resulting  from  presrure  loading 
can  adversely  nffect  component  operation,  particularly 
where  there  are  moving  parts  with  very  ckue  tolerances. 

13.2.3.3  ACTUATION  FORCES.  High  pressure  forces  ot 
unbalanced  valving  elements  such  as  balls,  butterflies,  gates, 
and  poppeto  result  in  the  need  for  hign  actuation  forces, 
particularly  where  fas.  actuation  times  are  required.  Spool 
valves  and  balanced  poppet  designs  are  commonly  used  for 
high  pressure  valves  to  avoid  the  problems  experienced  in 
unbalanced  designs.  Balanced  poppets  are  discussed  briefly 
in  Detailed  Topic  5.2.G.2. 

13.2.3.4  STRUCTURAL  INTEGRITY.  TV  housing  of  a 
fluid  com;ionent  is  essentially  a  pressure  vessel  which  must 
be  designed  for  structural  integrity  under  pressure  loading. 
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A*  the  housing  o f  fluid  components  often  IbtsItn  complex 
ikipti,  the  deal (mt  matt  combine  ttreet  analysis  and  the 
um  «f  adequate  ufttjr  fatten  with  laboratory  tatting.  The 
■treat  analysis  of  fluid  components  it  usutlly  bated  on  mak- 
itig  simplifying  assumptions  at  to  thtpe,  and  analysing  the 
component  In  term*  of  timple  figures  of  revolution  tuch  at 
cylinder*  and  tpheres. 

The  walla  of  a  pressure  vessel  in  a  form  of  a  turface  of 
revolution  are  ttretted  simultaneously  in  three  mutually 
perpendicular  axet  (a  triaxial  itate  of  stress)  vhen  the 
vessel  it  eubjected  to  uniform  internal  or  external  preuvrp. 
Theta  three  ttreteee,  illuetrated  in  Figure  lH.St.8.4  ere  de- 
flned  a.  follow*; 

Meridional  Street  («.») :  street  in  a  eloeed  ended  preeeure 
vestel  along  a  line  representing  the  intereection  of  the  vet- 
eel  wall  and  a  plane  containing  the  exit  of  the  vceecl.  tn 
cylinder*,  meridional  etreua  it  eynonymout  with  Irngitudinal 
and  eaiel  threat. 

Circumferential  or  Hoop  Street  (*<) :  ttreea  acting  tangen¬ 
tially  to  the  vowel  wall  in  a  plane  normal  to  the  exit  of  the 

veteel. 

Radial  Street  (»,) :  ttveee  acting  aeroee  the  wall  thickness 
along  a  radlut.  Thit  ttreea  it  a  bearing  ttreea  reeulting 
from  the  preeture  agtunet  the  vowel  wa’l. 


figure  13JL9.4.  ttreee—  In  a  Preeeure  Veteni 


Both  meridional  and  circumferential  streteet  are  called 
diaphragm  or  membrane  ttreteee.  The  displacement*  caused 
by  membrane  stresses  result  in  banding  itreaiea  which  are 
significant  in  thick  wall  vessels.  Additional  itruni  which 
aro  important,  particularly  In  cloaod  ended,  stiffened,  or 
non-uniform  preeeure  vetoels,  are  discontinuity  atreeavt. 
These  etresoee  ere  caused  by  bending  shear  due  to  abrupt 
change*  in  wall  thickness  or  mtridional  slop#  and  are  super¬ 
imposed  upon  membrane  atreeeae. 
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Reference  461-1  presents  formulae  for  determining  fltwn 
tinulty  etreeeee  in  n  variety  of  rremure  veteel  eonigwra* 
tions. 

If  he  wail  thteknoe*  I*  small  compared  to  tho  radius  of 
curvature  (leu  than  one-tenth  the  radiue)  and  thorn  are 
no  discontinuities  such  at  sharp  bonds  in  meridional  turves, 
bending  of  the  veteel  wails  can  ba  neglected,  l*.,  the  mem¬ 
brane  stream  across  the  wait  thicknou  can  be  considered 
a*  uniformly  distributed.  A  vessel  satisfying  these  simpli¬ 
fying  assumptions  it  defined  ae  a  thin  wall  vassal.  Formulae 
for  stress  and  radial  displacement  (ballooning)  for  thiek 
and  thin  wailod  cylindrical  and  spherical  pressure  vessels 
are  given  in  Table  13.2.3,4. 

A  comprehensive  treatment  of  preuure-induced  street  it 
may  bt  found  in  Sub-Section  14.7. 


13.3  ACCELERATION,  SHOCK,  AND  VIBRATION 

13.3.1  INTRODUCTION 

1SJ.3  DYNAMIC  FORCE  ENVIRONMENT 

13.3  2.1  Dynamic  Forces  Daring  Missile 

Ascent 

1U1I  Dynamic  Forest  Daring  Bpeee  Flight 

13.3.2.3  Dynamic  Forces  Daring  Re-Entry 

12.2.2  ACCELERATION 
113.4  SHOCK 

1 3. 3.4.1  Boarcee  -4  Shock  Environment 

13.2.4.3  Design  Terknlquas  far  Minimising 
tho  Effects  of  Shock  Environment 

12.3.5  VIBRATION 

13.3A.1  Raeenance 

1UU  Periodic  Vtbratier- 

1UM  iUdsclag  tho  Effects  of  Vibration 

13.3.1  Introduction 

Dynamic  forces  resulting  from  acceleration,  shock,  and 
vibration  can  present  a  challenge  to  the  fluid  component 
designer.  This  Sub-Section  describes  the  dynamic  environ¬ 
ment  to  which  aerospace  fluid  components  are  eubjected, 
end  design  techniques  for  minimising  tho  effects  of  these 
environments.  Shock  and  vibration  environment  will  affect 
component  design  more  than  acceleration  environment  bo 
car  se  of  the  resonance  phenomenon  associated  with  vibra¬ 
tion.  The  acturl  dynamic  loads  on  aeronpaco  components 
cannot  bo  predicted  in  mmy  instances,  because  the  shock 
and  vibration  conditions  have  complex  wave  form*  which 
cannot  ba  described  by  mathematical  analysis.  Because  of 
these  complex  wav '  forme  and  resontneo  phenomena,  the 
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development  of  fluid  components  depends  more  on  testing 
than  on  design  analysis.  The  sources  of  acceleration,  vi¬ 
bration,  and  shock  inputs  include  engine  ignition  shocks, 
combustion  instability,  socket  engine  acoustic  pressures, 
aerodynamic  forces,  fuel  sloshing,  engine  burnout,  and  stage 
and  satellite  separation  forces. 


13.3.2  Dynamic  Fore*  Environmant 

13.3.2.1  DYNAMIC  FORCES  DURING  MISSILE  AS¬ 
CENT.  The  initial  launch  phase  of  a  space  vehicle  is  char¬ 
acterized  by  engine  ignition  end  an  intense  acoustical  field 
from  the  rocket  engine  exhaust  which  is  reflected  from  the 
ground  to  the  launch  vehicle.  As  the  launch  vtniclc  rises, 
its  acoustical  excitation  diminishes  until  the  vehicle  ap¬ 
proaches  the  speed  of  sound,  at  which  time  aerodynamic 


disturbances  increase  sharply.  Otce  past  sonic  speed,  aero- 
dyramic  excitation  diminishes  until  stage  separation,  when 
the  vehicle  is  subjected  to  shock  forces  resulting  from  ex¬ 
ploding  bolts  rnd/or  second  stage  engine  ignition. 

Typical  (light  acceptance  specifications  for  nvsral  vehicle 
types  arv  given  in  Tablet  13.3.2.1a  and  13. 3. 2.1b.  These 
specifications  are  for  illustration  only  and  the  values  are 
not  the  values  measured  in  flight. 

13.3.2.2  DYNAMIC  FORCES  DURING  SPACE  PLIGHT. 
Vibration  and  shock  may  be  more  serious  during  sp'ce  flight 
than  during  the  launch  phase.  This  vould  be  particularly 
‘rue  in  a  mission  which  requires  maneuvering  for  rendez¬ 
vous  or  for  transfer  between  orbits  and/or  eoft  landing  by 
throttling.  Sources  of  dynamic  forces  include  maneuvering 
and  landing  engines  (start,  shutdown,  random,  and  discrete 
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LAUNCH  ViHICLI  ACCILIKATION* 


VIBRATION** 


Atlas/  Agena 


Thrust  Augmented  Dal  Id 
(TAD) 


Scout 


I. ft  times  maximum  combined  Mode 

thrust  and  lateral  acceleration 

Mode  B: 

Mode  C: 

Mode  D: 

1.6  time*  maximum  third  Mode  A: 

atage  thruat 

Mode  B: 

Mode  C: 

Mode  D: 

1.6  times  maximum  fourth  Mode  A: 

str|e  thruat 

Mode  B  : 

Mode  C: 

Mode  D: 


$•960  cps,  tS.3g 
260-400  epa,  63.7a 
400* 2000  epa,  t7.6g 

6*260  epa,  6l.8g 
260*400  epa,  63.0c 
400*2000  epa,  67. 6g 

20*160  cps,  0.026  |/cpa 

160*300  epa,  increasing  by  3  db/octave 

300*2000  epa,  0.046  ga/epa 

Resonance  point  between  60  and  76  epa, 
or  68  epa  If  no  major  torsional  reso¬ 
nance,  06.6  rad /sec  2 

1C-60  epa,  69. 8f 
10*600  epa,  67.Bg 
600*2000  epa,  62l.0g 

10-18  epa,  63. Og 
18*600  ept,  62, 3g 
600-2000  ope,  64. Og 

20-2000  epa 
0.07  g«'cpa 
11.8  g-rms 

Not  required 

10*63  epa,  612  in/sec  constant  velocity 
63*100  epa,  610. 8g 
1 00- 2000  epa,  67.6a 

6*160  cps,  61. 5g 
160*400  epa,  63.0g 
400-2000  epa,  67.6g 

20-20,000  epa 
0.07  gS/cpa 
11.8  g-nna 

Nc  t  reuuirwd 


*  g'a  vary  with  spacecraft  weight 

**  Mode  A:  Sinusoidal  —  Thruat  Axis  (2  octaves.'minutr)  • 

Mode  B:  Sinusoidal  —  Two  Lateral  Axes  Mutually  Petpendicular  (2  octavea/minute) 

Mode  C:  Random  — '  Tiruat  and  Lateral  Axes  (4  minutes,  each  axis)  j 

Mode  E»:  Torsional  —Thrust  (2  pulses)  _ 
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TM  1M4.Sk.  IjMiisnfr  Otalgn  3n»tren*nems  f*r  Than  lit 
MtlnM*  131-39) 


DllIQN  CONDITION 

INT2N2ITV  OR  RATI 

CVCLI  OR  TIME 

RIMARK2 

1.  Lsuneh/Ascent  Vibration 

a)  For  Internal  spacecraft 
components 

0.01L  g^/opa  to  0.26  gfyeps 
Increasing  by  3  db/octave 

20-300  cps 

'Overall  level  19.6  RMS 

* 

0.26  gtyepe 

300-1 200  cps 

i 

0.23  gkepe  to  0.09  g9/cps 
with  rcll  off  at  6  db/octave 

1200-2000  epa 

■■ 

b)  For  mx Urns)  spacecraft 

0.01  g3/epe  to  0.4  y2/cp» 
increasing  at  3  db/octave 

20-800  cps 

Overall  level  19.6  RMS  applies 
to  such  components  as  sun  sen¬ 
sors,  solar  panelu,  etc. 

0.4  g9/cps 

800-1600  cps 

0.4  g2/cpe  to  0.3  |9/eps 
with  roll  off  at  3  db/octave 

1C  00- 4000  cps 

2.  Acceleration 

4.6g  peak 

420  second* 

Applies  to  ascent  phase;  launch 
phase  negligible 

3.  Ohock 

2600g  peak 

60*10,000  cps 

For  components  near  satellite/ 
booster  interface 

4S0g  peak 

80-10,000  cps 

For  components  connected  to 
Interface  by  truss  assembly 

frequencies  of  thrust  variation),  touchdown,  and  re.tdes- 
vows.  It  diouid  bt  noted.  however,  that  rr* n  though  a 
fluid  component  used  on  tha  space  vehicle  may  not  ba 
oparating  at  tha  tima  of  tha  aarth  launch,  it  will  atill  ba 
subjected  to  launch  forces  and  must  be  daaignH  to  with¬ 
stand  the  adverse  affects  of  acceleration  and  vibration 
loads.  Table  13.3.2.2  presents  typical  Apollo  Lunar 
Module  dynamic  environment  data. 

13.84.3  DYNAMIC  FORCES  DURING  RE-ENTRY.  Ac 
celarationr  well  in  excess  of  values  durirg  launch  can  be 
experienced  by  spacecraft  during  entry  or  re-entry  t r  the 
planet's  atmosphere. 

Expected  valuos  for  deceleration  experienced  during  entry 
or  rcer'ry  to  the  planets  are  as  follows  (Reference  331-1) : 


Direct  entry 

Direct  entry 

Entry 

by 

decay 

_*roir 

estal- 

at  escape 

at  orbital 

lite 

Planet  velocity 

velocity 

orbit 

*=~5  20  9C 

<*=>&  20-  90 

Venus 

28.6 

112 

826 

14.3 

56 

163 

8.9 

Jtarth 

28.3 

111 

324 

14.3 

55.5 

162 

9.5 

Mars 

1.6 

6.3 

18.3 

0.8 

3.2 

9.2 

9.2 

where  t  is  the  re-entry  angle  with  the  horlsontal,  and  decel¬ 
erations  are  given  in  earth  g's. 
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TM  1&3.2J.  Sneeecraft  Dynemie  Design  Environment*  for  *e»u.  n/ApoRo  Lunar  Moiili 

(Rtftnnc*  l3t<W 


D68I0N  CONDITION 

INTENSITY  OR  RATE 

CYCLE  OR  TIMS 

REMARKS 

1.  Random  Vibration 

a)  launch /Ascent 

0.010  g2/cps  to  0.06  g2/cps 
linear  increase 

15-100  ups 

30  minutes  for  each  of  three  mutually 
perpendicular  axes 

0.06  g2/cps 

100-1000  epe 

0.06  g2/cpa  to  0.016  g^/cpa 
linear  decrease 

1000-2000  cps 

b)  Space  Flight 

0.012  g2/cp»  to  0.04  gfyept 
linear  increase 

15-100  cps 

10  minutes  for  each  of  three  mutually 
perpendicular  axes 

0.04  g2/cps 

100-200  cps 

0,04  gs'cps  to  0.016  g2/Cpt 
(■near  decrease 

200-2000  cps 

c)  Lun' .■  Descent 

0.0015  g2/cpa  tc  0.04  g2/cpa 
linear  increase 

10  50  eps 

10  minutes  for  each  of  throe  mutually 
perpendicular  axes 

0.04  gfyeps 

50-200  cps 

0.04  g2/cpa  to  0.0016  gfyeps 
linear  decrease 

2.  Sinusoidal  Vibration 

a)  Launcl./Ascent 

0.20  inch  DouY  ,e  Amplitude 

l.Og 

1.0-  18g 

t&g  pe;>k 

6-10  cps 

10-18  cps 

18-78  cps 

78-200  cps 

Sinusoidal  vibration  shall  be  superimposed 
on  random  "if  ration.  The  ainuaoidal 
vibration  shall  be  swept  logarithmical.y 
from  5  to  2000  cps  in  6  minutes  for  each 
of  throe  mutual. y  perpendicular  axes. 

lOg 

200-  20  tO  cps 

b)  Space  Flight 

l.Og  to  4.7g 
linear  increase 

4.7e 

2.5g 

5-150  cp* 

160- JOG  cps 

200-1 00r  cps 

S  misoidal  vibration  shall  be  superimposed 
on  random  vibration.  .ncsc.ida>  vibration 
shall  be  swept  logarithmically  from  5  to 
2000  epa  in  2  minutes  for  each  of  three 
mutually  perpendicular  axes. 

2.0g 

1C3O-20U0  cp* 

c)  Luv-,a?  Descent 

2.0  to  Ift.Og 
linear  increase 

10-60  cps 

Sinusoidal  vibration  shall  be  superimposed 
on  random  vibration.  The  sinusoidal 
vibration  .'hall  be  swept  logaiithmically 
fror..  5  *o  2000  epe  in  5  minutes  tor  each 
of  three  mutually  perpendicular  ax  * 

3.  Prelaunch  Vibration 

0.5  inch  D.A. 

±1.3g 

5-7.2  cps 

7.2-27.5  cps 

Vibration  to  he  applied  along  ttu-e 
mutually  perpendicular  ax  m  at  1/2  octave 
per  minute. 

0.036  inch  D.A. 

27.5-52  cps 

6.0g 

52-500  cps 

4.  Acceleration 

lOg  t  2g 

5  minutes  in 
each  direction 

Each  of  three  mutually  perpendicular 
axes 

5.  Shock 

±15g  peak 

10  ms 

Modified  shock-puliie  to  sawtooth,  1  “>g 
peak,  10  to  12  mr  nse  time  and  0  to  2  ms 
delay  time;  3  shocks  in  eac!.  of  three 
mutually  perpendicular  directions. 
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13.3.3  Acctl«r«tEen 

The  tuuic  effect  of  acceleration  U  a  force  eque'  to  the 
product  of  the  acceleration  and  the  mau  of  the  acceler¬ 
ated  part.  Acceleration  forces  are  encountered  in  ail 
vehicles  which  start  from  rest  anti  achieve  a  given 
velocity.  Acceleration  forces  are  also  inherent  in  shock 
anj  vibration.  Acceleration  tenting  is  treated  in  Sub-topic 
15.7.3. 

Acceleration  <»  commonly  given  in  terrestrial  g  units  where 
one  g  equals  82.1740  ft/ ,.ec\  To  obtain  the  forces  of  a  body 
in  a  different  gravitational  field  or  under  acceleration,  the 
woight  under  a  on#  g  acceleration  or  terrestrial  weight  is 
multiplied  by  the  number  of  g  units.  For  exan.ple,  a  valve 
which  weight  10  pounds  while  at  rest  on  earth  weighs  100 
pounds  under  an  acceleration  or  gravitational  field  of  10  g’s 
<821.74  ft/sec’). 

Under  acceleration  loadr,  spring-loaded  poppets  may  be 
unseated  and  electrical  contents  may  arc  or  close.  The  accel¬ 
eration  force  must  be  less  than  the  spring  force  to  prevent 
a  poppet  from  opening  (assuming  there  is  no  pressure  force 
on  the  valve  poppet)  or  the  electrical  contact  from  closing. 
A  simple  design  technique  to  avoid  unseating  a  valve  poppet 
under  acceleration  is  to  orient  the  valve  closure  such  that 
the  direction  of  acceleration  is  norma!  to  the  poppet.  Assum¬ 
ing  that  the  increased  closing  force  does  net  adversely  effect 
the  opening  of  components  such  as  relief  valves  and  regu¬ 
lators,  the  component  can  be  oriented  such  that  acceleration 
forces  tend  to  close  the  poppet.  Component  orientation  to 
avoid  valve  opening  in  an  acceleration  field  is  illustrated 
in  Figure  13.3.8a.  An  increase  in  the  spring  stiffness  or  a 
decrease  in  the  weight  of  the  spring  plus  poppet  are  also 
recommended  design  techniques  to  avoid  movement  of  the 
valve  poppet  under  acceleration  loads. 

Another  meant  of  nullifying  the  effect  oi  acceleration  on 
spring-loaded  masses  is  to  add  a  mass  compensator,  also 
known  as  a  counterbalance.  A  schematic  illustrating  the 
application  of  a  mass  compensator  is  shown  in  Figure 
13.3.8b.  An  application  of  this  type  of  compensator  in  a 
pressure  regulator  controller  is  shown  in  Figure  5.4.5.  The 
controller  is  extremely  sensitive  to  small  deviations  in 
downstream  regulated  pressure  and  magnifies  the  error 
between  actual  and  desired  values  of  regulated  pressure  by 
means  of  a  pilot  valve.  It  is  important  that  any  movement 
of  the  controller  mass  be  prevented  when  subjected  to  accel¬ 
eration. 

S’nce  the  acceleration  loads  will  act  through  the  center  o# 
gravity  of  the  component,  overhung  moments  should  be 
avoided  by  locating  the  centroid  cf  the  attaching  fasteners 
as  close  as  possible  to  the  component’s  center  of  gravity. 

13.3.4  Shock 

Shock,  sometimes  referred  to  as  impulse  or  impact  loading, 
may  be  defined  as  a  suddenly  applied  load  of  short  duration. 


GOOD  GOOD 


Figure  13.3.3a.  Poppet  Orientations  to  Avofr*  Volvo  Openings 
In  an  Acceleration  Field 


Figure  13.3.3b.  A  Counterbalanced  Spring-Loaded  Poppet 
illustrating  Mass  Compensation 
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The  magnitude  of  a  ahock  load  it  uauall>  high  but  the  time 
duration  of  loading  U  relatively  small.  Tho  characteristic 
of  a  shock  load  which  makes  it  different  from  a  static  load 
is  the  time  required  for  the  forte  to  rise  from  cero  to  a 
maximum,  compared  to  the  natural  period  of  vibration  of 
the  structure.  In  general,  the  following  statements  will 
apply: 

1)  If  the  time  of  load  application  is  lees  t'.ian  or.s-half  the 
natural  period  of  th*»  structure,  it  is  definitely  an  impact 

load. 

2)  If  the  time  of  load  application  is  greater  than  S  times 
the  natural  period  of  the  structure,  it  is  definitely  a  static 
load. 

The  response  of  the  structure  under  shock  conditions  has 
characteristics  similar  to  those  of  systems  under  vibration. 
The  initial  deformation  of  the  stricture  is  large,  end  then 
ie  damped  to  a  harmonic  oscillation  which  finally  goat  to 
aero.  The  intensity  of  tho  response  of  a  structure  to  n  pulse 
loading  will  depend  on  how  dooe  the  structural  or  natural 
frequency  in  to  the  forcing  frequency.  It  should  bo  noted 
that  for  anything  other  than  a  single  element  structure 
there  may  be  n  number  of  natural  frequencies  correspond¬ 
ing  to  various  elements  in  the  component. 

A  load  factor  of  2  applied  to  the  equi/alent  static  load 
caused  by  the  impute*  is  normally  considered  good  desi^ei 
practice.  Tins  4s  a  safe  load  fucto?;  hov.trer,  in  many  eases 
it  may  be  too  high.  A  further  diacustion  on  shock  loading 
and  load  factors  is  given  in  Sub-Section  7.3. 

Example : 

A  valve  which  weighs  5  pounds  under  an  acceleration 
of  one  g  is  subjected  to  a\  impact  loading  of  50  g*a. 
Find  the  design  load  due  to  chock. 

Equivalent  static  load  =  5  x  50g  —  Pf»0  lbs 

B 

Design  load  =  2  X  250  lbs  —  500  los 

Tue  load  factor  of  2  may  ha\  .  been  applied  u>  the  static 
rtress  or  to  the  g  loading  instead  of  the  static  load. 

13.3.4.1  SOURCES  OF  SHOCK  ENVIRONMENT.  Sources 
of  shock  environment  include . 

a)  Rocket  engine  ignition  shock 

b)  Rocket  engine  combustir.  n  instability 

c)  Stage  separation  forces 

d)  Satellite  separation  forces 

e)  Recovery  loads  such  as  caused  by  parachute  or  water 
impact 

f)  Launching  of  rockets  or  projectiles  from  satellites 

g)  Impact  loads  due  to  meteoroid  bombardment 

h)  Lunar  landing  impact  loads 

i)  Pressure  surges  in  fluid  systems  due  to  rapid  opening 
or  closing  of  a  valve 

j)  Nuclear  explosions  near  launch  sites. 


13.1.4.2  DESIGN  TECHNIQUES  FOE  MINIMISING  THE 
EFFECTS  OF  SHOCK  ENVIRONMENT.  Eight  design 
techniques  are: 

1)  Locate  the  fluid  component  ao  that  the  sensitive  elements 
do  not  coincide  with  the  direction  of  greatest  shock  (See 
Figure  13.3.8a). 

2)  Mount  the  component  so  thnt  the  housing  or  brackets 
absorb  tho  shock  load. 

3)  For  spring-loaded  devices  (e.g.,  valve  closures)  use 
lightweight  parts  oi  inenue  spring  load  to  overcoins  ex- 
poctod  ahock  loads. 

4)  Provide  counterbalancing  for  aensitive  spring-loaded 
masses  such  as  the  controller  of  a  pressure  regulator  (Fig¬ 
ure  lS.3.Sb). 


8)  Provide  shock  isolation  by  mounting  sensitive  dements 
on  snetgy  absorbers.  Shock  tasting  is  treated  n  Sub-topic 
15.7.2. 

'.3,3.6  Vibration 

Vibration  is  a  periodic  or  random  displacement  of  a  body 
horn  its  equilibrium  position.  All  bodies  possessing  mam 
and  elasticity  are  subject  to  vibration  along  or  transverse 
to  ny  axis  of  the  body.  This  Sub-Topic  treats  periodic 
vibration  only,  while  random  vibration  It  diaimmsd  in 
Sub-Section  7.3.  Sub-Topic  15.7.1  treats  vibration  tasting. 

Vibration  may  be  f-ee  or  forced.  Free  vibration  in  an  elastic 
system  refers  to  a  system  free  of  impressed  forces  but  under 
tho  action  of  forces  inherent  in  the  system  itself.  A  freely 
vibrating  system  will  vibrate  at  one  or  more  of  its  natural 
frequencies.  Forced  vibration  refers  to  a  vibrating  system 
under  the  excitation  of  an  external  force,  i.a„  e  forcing 
function.  The  frequency  of  the  exciting  force  is  independent 
of  the  natural  frequency  of  the  system.  When  the  frequency 
of  the  exciting  force  coincides  with  one  of  the  natural  fre¬ 
quencies,  resonance  will  occur.  Representative  vibration 
envirorments  are  given  in  Table  13.3.5. 

13.3.5.!  RESONANCE.  When  the  frequency  of  the  driving 
force  is  near  the  natural  frequency  of  the  structure,  reso¬ 
nance  will  occur.  When  no  damping  is  availsbh  in  the 
system  and  when  the  driving  frequency  ia  *qual  to  the 
natural  frequency,  the  amplitude  of  vibration  tends  toward 
infinity.  Avoiding  resonance  in  c.  structure  or  in  equipment 
is  a  primary  objective  or  the  designer;  but,  because  of  the 
complexity  of  equipment,  it  is  not  usually  feasible  to  deter¬ 
mine  the  resonant  condition  analytically.  System  and  com¬ 
ponent  testing  must  be  done. 

13.3.5.2  PERIODIC  VIBRATIONS.  The  simplest  form  of 
periodic  motion  it  simple  harmonic  motion  represented  by 
the  sine  and  cosine  functions.  Consider  the  spring-mass  sys¬ 
tem  capable  of  free  vibration,  shown  in  Figure  10.3.5.2a. 


5)  Reduce  excessive  clearance  in  hearings  and  bushings. 

6)  Add  rubber  bumpers  to  cushL.i  motion  of  plungers. 

7)  Provide  damping  to  dissipate  the  impulse  energy. 
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J«t  aircraft 

Platon  ongine 
ai.  craft 

Ships 


Trucks 

Passenger 

automobiles 

Railroad  trains 

Rocket  noise 
generated  in 
exhaust  stream 

Space  vehicle* 
earth  launch 

Space  vehicle* 
low  eartl  orbit 

Space  vehicles 
lunar  orbit 

Lunar  launch 
Lunar  landing 


(From  ffsfsfsncej  .1.4  snO  947-1) 


_ vwratiow  twviwowamtr _ ' 

Acoustical  vibration  due  to  jet  wake  and  combustion  turbulence.  Frequency  range  up  to  '00  cps 
and  maximum  amplitude  approximately  0.001  Inch. 

Engine  vibration  range  up  to  60  cps  and  maximum  amplitude  to  0.01  inch.  Propeller  vibrations 
range  up  to  10C  cps  with  maximum  amplitudes  to  0.01  inch.  Amplitudes  of  vibration  .vary  with 
location  in  aircraft. 

Engine  vibration  in  diesel  or  reciprocating  steam  type  range  vp  to  15  cps  with  maximum  ampli¬ 
tudes  to  0.02  inch.  Most  vibrations  ure  amplified.  An  ampl'ficution  factor  of  3  is  usi’ully  accept 
al-le. 

Suspension  resonance  of  l  cps  with  maximum  amplitude  of  5  inches.  Structural  resonance  above 
80  cps  and  maximum  amplitude  of  0.005  inch. 

Suapensior  resonance  of  1  cps  ai.d  maximum  amplitude  of  6  inches.  Irregular  transit  vibrations 
due  to  road  roughness  above  20  cps  and  maximum  amplitude  oi  0.1,02  inch. 

Broad  and  erratic  frequency  range.  Isolation  resonant  frequency  of  20  cps  has  been  successful 
in  railroad  applications-  .  . 

Usually  most  severe  vibration  environment  in  missiles.  Results  in  random  high  amplitude  vibra¬ 
tions  during  launch  in  atmosphere.  Characterized  by  a  broad  spectral  distribution  coinciding 
with  resonance  frequencies  of  vehicle  structure,  skin,  and  equipment. 

Approximately  10  g's  rms,  600  to  1600  cps.  Acoustical  noise  in  Acid  of  payload  150  decibels  for 
60  second  duration. 

Vibration  range  to  1000  cps  and  up  to  50  g’s  for  b  minute  duraticn. 

Vibration  range  above  1000  cps  and  up  to  50  g’s  for  10  minute  duration. 

Vibration  levels  up  to  16  g’s  with  frequency  spectrum  greater  than  1000  cps. 

Vibration  levels  up  to  50  g’s  and  frequency  range  from  a  few  tc  several  thousand  cycles  per  second. 


ULULL 


WHERE 


//// 


DISPLACEMENT  CF  MASS  m 

mass  of  anov 

SWING  CONSTANT 


L 


EQOILIMI'JM 

POSITION 


x 


If  the  mass,  m.  is  displaced  with  a  distance  of  x  =  A  and 
released,  the  system  will  vibrate  with  simple  harmonic  mo¬ 
tion  which  may  be  represented  by  the  following  equations : 


Displacement 


Velocity 


X  -  A  COS  «>nt  (tq  13.3.5.2a) 


(Eq  13.3.5.2b) 


--  A«on  sir  <i>„t  — 


+  Ai»„  cos 


Acceleration 


(Eq  13.3.5.2c) 

X  =  A*»„-  COS<i)ni  =  +  A<i>n'-’  COS  (<o„t  +  *)  -  —  Xa>n* 

where 


Figure  133.5.2a.  tingle  Bagrat  of  Freedom  Spring  Mete 


the  natural  angular  frequency, 
radians/sec 
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k  ■»  spring  constant,  lbt/ft 
a  <m  mass,  lb>  aacVft 

That#  aquation*  can  b*  represented  by  rector*  rotating 
with  velocity  (w»t)  as  shown  In  Figure  13.3,5.2b. 


Velocity  at  displacement  x,  ft/sec 
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Figure  13.3. B.2b.  Displacement.  Velocity,  and  Acceleration  in 

II- -..I,  »* _ — 
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The  vector  with  magnitude,  A«„,  represents  the  relocity 
and  is  90  ahead  cf  the  displacement.  The  acceleration 
vector,  A«.',  is  180°  ahead  of  the  displacement.  These 
angles  arc  called  phase  angles. 

From  the  equations  of  motion,  the  following  information 
may  be  obtained: 

A  --  maximum  displacement  of  mass,  m 
i  Aw.  =  maximum  velocity  of  mass,  m 
±  Aw.*  ~  maximum  acceleration  of  mass,  m 

The  plus  and  minus  signs  Indicate  the  motion  in  either 
direction  from  the  equilibrium  position. 

Addition:.!  important  relationships  in  vibration  include: 


Period  of  oscillation,  seconds 


(Eq  13.3.5.3d) 


Frequency  of  oscillation,  cycles  per  second  (cps) 


Acceleration  at  time  t,  sec 


(Eq  13.3.5.27) 


Z  —  dr.  4ir -f -  A  COS  2ir  ft 


Maximum  acceleration,  ft/sec1 


v  =  ±  yj^  Vr(Ar-  Xa)  (Eq  IMJMh) 

Examplt : 

A  vilvc  weighs  1  lbr  and  is  vibrated  sinusoidally  a'  a 
frequency  of  1000  cp'  at  an  amplitude  of  0.0005  inch. 
Find  the  maximum  force  euerted  by  the  valve. 


4»>rA 


4*  (1000) 


,  /0.0005\ 


1640  ft/sec 


F  ■*--  ma 


(1640) 


Z  =-  dfc  4v-f-A  (Eq  13.3.5.2g) 


13.3.5.3  REDUCING  THE  EFFECTS  OF  VIBRATION. 
The  following  sixteen  design  techniques  will  reduce  the 
effects  of  vibration : 

1)  Reduce  excessive  clearances  in  bearinge. 

2)  In  rotating  members,  reduce  or  eliminate  vibration 
forces  by  balancing  or  counterbalancing. 

3)  Provide  isolation  by  mounting  sanaitive  equipmant  on 
isolators. 

4)  If  resonance  occurs,  it  is  often  possible  to  change  the 
natural  frequency  of  the  structure  by  modifying  the  mt  js 
or  stiffness  of  the  vibrating  mamber. 

5)  If  the  vibration  spec'. rum  contains  a  laige  number  of 

different  frequencies  and  it  is  impractical  to  modify  the 
natural  frequency  of  the  member,  consider  dissipating  the 
energy  with  the  use  of  dampers  or  damping  materials 
(vibration  mounts).  1 

6)  Vibration  may  be  reduced  by  attaching  an  auxiliary 
mass  to  the  system  by  a  spring.  The  auxiliary  mass  vibratos 
and  reduces  the  vibration  of  the  system. 

7)  Avoid  slnrp  bends,  fillets,  and  cross-sectional  area 
changes  in  notch-sensitive  materials  such  as  magnesium. 

8)  Avoid  mounting  components  with  large  overhung  mo¬ 
ments. 

9)  Break  up  large  areas,  panels,  etc.,  to  minimise  drum¬ 
ming  or  “oil  canning.” 

10)  To  avoid  poppet  and  electrical  contact  chatter,  use 
cmple  spring  forces  (preload)  or  provide  damping  in 
spring-mass  system.  Appropriately  mount  sensitive  ele¬ 
ments  of  a  component  to  avoid  directional  vibration. 

11)  Pins  should  be  secured  to  prevent  their  motion  along 
longitudinal  t.xis. 

12)  Spare  tubing  clamps  at  irregular  intervals  to  prevent 
creation  of  large  nodes  which  could  vibrate  at  low  fre¬ 
quencies. 
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13)  Minimize  excessive  v  eld  joint  stress  concentrations 
such  as  reducing  the  numbt-  of  intermittent  weld  lengths. 
It  is  recommended  that  weln  be  at  least  1  %  inches  long, 
spaced  with  at  least  4  inches  l  'tween  welds.  Welds  should 
be  full -depth  to  eliminate  crevii  <s.  Subsequent  heat  treat¬ 
ment  of  welds  to  relieve  residual  'tresses  tends  to  :ncrease 
fatigue  strength. 

14)  Spot  welds  tend  to  be  weak  because  of  high  stress  con¬ 
centrations  i  l  the  junctions  between  he  metals  and  are, 
^hereforet  jiot  recommended  for  struct  ural  members  sup¬ 
porting  heavy  equipment  which  may  be  subjected  to  shock 
and  vibration. 

15)  Riveted  members  are  more  desirable  tha.  welded  mem¬ 
bers  because  they  provide  interface  friction  at  1,  therefore, 
damping  between  members.  CoH-driven  r’vets  should  not 
be  loaded  in  tension  because  of  residual  stress  cor.  entration 
at  the  formed  head. 

16)  As  bolts  tend  to  loosen  under  vibration  and  s.  ock,  a 
means  of  locking  must  be  provided.  Slippage  of  the  joint 
due  to  excessive  clearance  in  bolt  hole  should  be  avoide  1  by 
close  tolerance  bolts  or  dowel  pins.  Bolts  made  from  ma¬ 
terials  with  low  yield  strengths,  such  as  18-8  stainless  stei !, 
tend  to  stretch  and  loosen  under  shock  loads  ever,  thougi. 
they  have  a  high  ultimate  strength.  The  fatigue  strength 
of  bolts  may  be  increased  by  cold  working  such  as  rolling 
of  thread,  rolling  of  fillets  near  head,  and  shot  peening  the 
shank.  Typical  locking  devices  include  threading  lock  wire 
through  b  oles  in  .he  nuts  or  bolts  fastened  to  the  structure, 
f  ration  nuts  witn  a  polymeric  insert  or  distorted  holes,  fric¬ 
tion  bolts  with  a  polymeric  insert  in  the  threaded  portion, 
and  lock  washers.  Lock  washers  are  never  used  as  locking 
devices  when  shock  and  vibrution  are  present  Bolted  struc¬ 
tures  provide  friction  damping  between  members  and  may 
be  more  desirable  than  a  welded  structure  if  damping  is 
required. 
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13.4  THE  ATMOSPHERE 

13.4.1  PHYSICAL  PROPERTIES  OF  THE 
ATMOSPHERE 

13.4.2  MOISTURE 

13.4.2.1  Effe  ts  of  Moisture  on  Fluid 
Components 

13.4.2.2  Design  Techniques  for  Avoiding  the 
Adverse  Effects  of  Moisture 

13.4.3  OZONE 

13.4.4  SAND  AND  DUST 

13.4.4.1  Efferts  of  Sand  and  Dust  on  Fluid 
Components 

13.4.4.2  Design  Techniques  for  Minimizing 
Sand  and  Dust 


13.4.5  FUNGUS 

13.4.5.1  Effects  of  Fungi  on  Fluid 
Components 

13.4.5.2  Design  Methods  for  Preventing 
Damage  from  Fungi 


13.4.6 


SOLAR  RADIATION 

13.4.6.1  Effects  of  Solar  Radiation  on  Plastics 

13.4.6.2  EfTects  of  Solar  Radiation  on  Natural 
and  Synthetic  Rubber 


13.4.1  Physical  Properties  of  the  Atmosphere 

The  atmosphere  is  a  gaseous  envelope  that  surrounds  the 
ea.  th,  extending  from  sea  level  to  an  altitude  of  severs' 
hun  ’red  miles.  The  altitude  for  near  space  has  been  some¬ 
what,  arbitrarily  set  at  50  miles. 

The  eat  h’s  atmosphere  is  divided  into  five  levels  based  on 
temporal  ire  variation.  These  levels  are  troposphere,  strato¬ 
sphere,  m  sosphere,  thermosphere  or  iouisphere,  and  exo¬ 
sphere.  The  troposphere  extends  from  sea  level  to  54,000 
feet  a’,  the  equator,  decreasing  to  28,000  feet  at  the  poles, 
and  is  compos  d  of  approximate^  70  percent- nitrogen  and 
21  percent  oxyg,  n.  A  complete  breakdown  of  all  constituents 
is  presented  in  T.ble  13.4.1a.  With  increasin,  altitude  from 
sea  level,  the  temp  'rat u re  diminishes  from  60  F  to  -70  F. 
Above  '.he  troposphi  ve  is  the  stratosphere,  which  extends  to 
approximately  65, 000  feet  and  exists  at  a  relatively  constant 
temperature  of  —  70 r  F.  The  mesosphere  extends  from  nearly 
65,000  feet  to  300,000  1  >et.  and  its  temperature  increases 
from  —  10’F  to  4  28~F,  hen  decreasing  to  — 134  F.  The 
mesosphere  is  characterize!  by  an  ozone  layer  which  ab¬ 
sorbs  the  ultraviolet  radial  on  from  the  sun.  Above  the 
mesosphere  is  the  thermosph  -,  also  called  the  ionosphere, 
which  extends  from  approximately  300,000  'eet  to  1,000,000 
feet.  The  temperature  in  this  layer  increases  from  --134  F 
to  nearly  2200  F.  The  composition  is  primarily  ionized 
atoms  of  che  lighter  gases.  The  last  'evei  is  the  exosphere, 
which  extends  into  the  space  environment.  At  2,320,000  feet 
the  temperature  of  the  widely  separati  d  gas  molecuLs  is 
approximately  2250‘ F.  The  temperatun  in  space  is  dis¬ 
cussed  under  Sub-Topic  13.6.5.  Gas  comp-,  sition  and  cor»- 
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centiutlon»»ai »  presented  as  a  function  of  altitud?  under 
"Space  Environments''  in  Table  13,6.2.  The  effects  of  alti¬ 
tud-  on  pressure,  temperature,  and  dens'. y  are  presented 
In  Table  13.4.1b. 


TaMe  IM.lt.  Normal  Camp— Stan  ad  Ctoan, 
Dry  Mmoaphork  Air  Noe.-  Sea  Level 

( Reference  349-1) 


Nitrogen  (Nt) 

78.064 

Oxygen  (O,) 

20.7)476 

Argon  (Ar) 

0.03; 

Carbon  dioxide  (CO  ) 

0.0314 

Neon  (Ne) 

0.001818 

Helium  (He) 

0.000524 

Krypton  (Hr) 

0.600114 

Xenon  (Xe) 

0.0000087 

Hydrogen  (H,> 

0.00005 

Methane  (CH.) 

0.0002 

Nitrous  oxide  ( N,0) 

0.00005 

-  Osone  (O,) 

Summer :  0  tc  0.000007 
Winter:  0  to  0.000002 

Sulfur  dioxide  (SO,) 

0  to  0.0001 

Nitrogen  dioxide  (NOa) 

0  to  0.000002 

Ammonia  (NH.) 

C  to  trace 

Carbon  monoxide  (CO) 

0  to  trace 

iodine  (la) 

0  to  0.000001 

13.4.2  Motet ura 


The  mcwture  content  ol  u>«  stmc^..nere  fa  commonly 
expressed  by  the  relative  humidity,  defined  as  the  ratio  of 
the  actual  vapor  pressure  of  the  water  vapor  contained  in 
the  wir  to  the  saturated  vapor  pressure  of  water  vapor  at 
Uw  same  temperature.  Air  with  a  const  >*  water  vapor 
content  will  experience  a  decrease  in  -  e  humidity 
with  a  rise  in  temperature.  Another  i..  ...sure  of  atmo¬ 
spheric  moisture  content  is  the  dew  point.  The  dew  point 
temperature,  which  is  a  function  of  the  rbsolute  quantity 
of  moisture  in  the  air,  is  the  temperature  to  which  the  air 
must  be  lowered  for  water  vapor  to  condense.  Atmo¬ 
spheric  moisture  wngea  from  low  relative  humidity  to 
precipitation,  which  can  take  the  form  of  rain,  snow,  or 
tnil.  Sub-Topic  1 5.7  5  describes  humidity  testing. 

13.4.1*  EFFECTS  OF  MOISTURE  ON  FI.UID  COMPO- 
NENTS.  Moisture  may  cause  corrosion,  especially  in  u  salt 
atmosphere;  short  circuits  between  electrical  conductors, 
and  Icing  of  components  such  as  actuators  and  valve  clo¬ 
sures.  Icing  of  vent  valves  and  relief  valveu  is  a  particularly 
critical  nroblem  in  cryogenic  systems. 

13.4.2.2  DESIGN  TECHNIQUES  FOR  AVOIDING  THE 
ADVERSE  EFFECTS  OF  MOISTURE.  Nine  design  tech¬ 
niques  for  avoiding  adverse  eftects  of  moisture  are: 

l  )  Provide  proper  surface  coatings  for  materials  to  prevent 
corrosion. 


ENVIRONMENT® 


2)  Seal  lubricated  surfaces  and  moving  parts. 

3)  Uu  drain  holaa,  drip  akirta,  or  rain  mans  where  watsi 
n«ay  accumulate. 

4)  Use  ron- porous  and  non-abaorbing  materials  fot  gas. 
kets,  tnau'ation,  etc. 

5)  Impregnate  all  capillary  surfaces  and  edges  with  wax, 
moisture-resistant  varnish,  or  rerln. 

ft)  Encapsulate  or  hermetically  seal  electrical  windings. 

7)  Provide  electric  heating  blanket!  for  components  sus¬ 
ceptible  to  failures  due  to  Icing. 

8)  Design  vent  valves  and  relief  valves  so  that  in  the 
closed  position  atmospheric  air  is  prevented  fro...  coming 
in  contact  with  seals  md  other  moving  parts. 

i>)  Provide  sufficient  actuator  forces  to  break  ice  accumu* 
lattrg  on  external  seals. 

13.4  3  Oxont 

The  oxone  laye-  occurs  in  the  mesosphere.  Osone  is  formed 
by  the  dissociation  of  molecular  oxygen  ( 0  > ,  caused  by  the 
photochemical  process  of  ultraviolet  radiation,  and  the  unit¬ 
ing  of  the  single  atom  of  oxygen,  0,  with  one  molecule  of 
O.,  forming  a  molecule  of  osone,  0 ,.  Ozone  is  also  formed  in 
the  atmosphere  from  an  electric  discharge  such  as  may 
occur  during  electrical  storms  or  near  electrical  equipment. 

The  concentration  of  osone  ranges  from  0.05  to  1  par:  per 
million  by  volume  st  sea  level,  and  increases  with  increas¬ 
ing  altitude  to  10  ppm  at  65,000  feet.  This  concentration 
remains  constant  to  an  altitude  of  approximately  00,000 
feet.  Ae  the  altitude  increases  to  160,000  feet,  the  osone 
concentration  gradually  decreases  to  a  value  nbout  the  same 
as  at  sea  lovel.  In  addition  to  naturally  occurring  osone, 
osone  n,ay  also  occur  in  urban  areas  as  a  result  of  the  ac¬ 
tivities  of  man.  During  periods  of  moderate  to  severe  con¬ 
ditions,  crone  concentrations  in  the  range  of  25  to  50  ppm 
are  measured  in  certain  cities  including  Los  Angeles  and 
San  Francisco. 

Osone  causes  cracking  of  natural  rubber,  butadiene-sty rere 
(SBR),  butadiene-acrylonitrile  (NRR),  and  some  other 
elastomers  under  stress.  Osone  cracking  resistance  of  an 
elastomer  part  is  dependent  on  exposure  temperatures,  ma¬ 
terial  strains,  humidity,  and  osone  concentration.  Polymers 
classified  according  to  oxone  resistance  are  presented  in 
Table  13  4.3. 


13.4.4  Sand  and  Dust 

Sand  is  a  siliceous  particle  ranging  in  sise  from  400  to 
oOOO  microns  in  diameter.  Dust  consists  of  multiple  com¬ 
posite  particles,  usually  leas  than  16  or  20  microns  in 
diameter.  Dust  particles  may  be  electrically  conductive 
and  are  usually  soluble  in  water.  (See  Sub-Topic  16.7.4.) 

Snnd  and  dust  damage  is  mom  severe  in  desert  regions. 
Desert  dust  becomes  airborne  with  slight  winds  and  may 
remain  suspended  for  hours  as  dust  clouds,  sometimes 
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(V.  In.  Hg) 

(  im  iml  ) 

w,  mmo 

(A  ) 

\  C«m  iml  / 

0  (sea  level) 

60.0 

29.0713 

10000 

*.6474  X  10- 

1.0000 

1 

86.484 

28.8657 

0.64389  X  10- 

7.4268  X  10- 

9.7107  X  10- 

2 

61A88 

27.8212 

9.89815  X  10- 

7.8098  X  10  * 

9.4276  X  10- 

8 

48.808 

26.8171 

8.96865  X  10- 

6.9984  X  10- 

9.1613  X  10- 

4 

44.788 

86.8488 

8.68684  X  10- 

6.79)  7  X  10- 

8 Jill  X  10- 

6 

41.178 

14.8970 

8.82086  X  10  1 

6.5P98  X  10- 

0.6170  X  10- 

8 

87.600 

28.9798 

8.01480  X  10  ' 

6.3926  X  10  ’ 

8.S5M  X  10- 

T 

81.045 

88.0908 

7.71698  X  10- 

6  1998  X  10- 

8.1070  X  10- 

8 

30.48t 

28.8876 

7.48868  X  10- 

6.C116  X  10  * 

7.8000  X  10- 

8 

88.916 

81.8918 

7.14980  X  10- 

5.8278  X  10* 

7.8806  X  10- 

10 

88.865 

80.6808 

6.87688  X  10- 

6.6483  X  10- 

7.8859  X  10- 

18 

5.846 

13J981 

6.64687  X  10- 

4.8187  X  10- 

6.29  *6  X  10- 

to 

-19J58 

18.7612 

4.69912  X  10- 

4.0778  X  10- 

6.8813  X  10- 

85 

—60.047 

11.1180 

8.71577  X  10- 

8.4806  X  10- 

4  4859  X  10- 

80 

-47J81 

8.90889 

2.97544  X  10- 

2.6C37  X  10- 

3.7473  X  10- 

88 

-86.808 

7.06029 

2.85962  X  10- 

2.3751  X  10- 

8.1058  X  10- 

40 

-68.700 

5.65814 

1.85789  X  10- 

1.8895  X  10- 

2.4708  X  10- 

46 

-80.700 

4.87681 

1.48227  X  10-' 

1.4878  X  10- 

1.9449  X  10- 

60 

-00.700 

8.444*0 

1.15116  X  10- 

1.1700  X  10- 

1.6811  X  10- 

6C 

—88.700 

2.18537 

7.18664  X  10- 

7.2680  X  10- 

9.4919  X  10- 

70 

—67.484 

1.88621 

4.42898  X  10- 

4.4787  X  10- 

6.85*5  X  10- 

80 

-01.077 

8.27898  X  10- 

2.76491  X  10  * 

2.7576  X  10- 

8.6060  X  10- 

80 

— 88.588 

6.20011  X10-* 

1.78793  X  10- 

1.7100  X  10- 

2.2860  X  10- 

100 

— 11X88 

S  .29046  X  10- 

1.09971  X  10- 

1.0676  X  10- 

1.3960  X  10- 

18C 

15.408 

4.01815  X  10  ’ 

1.84291  X  10- 

1.1119  X  10- 

1.4589  X  10- 

too 

-8.371 

5.84675  X  10- 

1.96371  X  10- 

1.6967  X  10- 

2.2174  X  10- 

too 

-107  J4 

6.0066  X  10- 

2.0C74  X  10- 

2.268  X  10- 

2.959  X  10- 

800 

-188.77 

8,7868  X  10- 

1.2489  X  10- 

1.488  X  10  ' 

1.946  X  10- 

8b0 

-24.68 

8.3548  X  10- 

1.1210  X  10- 

1.012  X  10- 

1.324  X  10- 

400 

888.84 

8.8047  X  10*’ 

8.1071  X  10- 

1.164  X  10- 

1.522  X  10- 

480 

784.10 

2.4845  X  10- 

8.8038  X  10- 

2.600  X  10- 

8.899  X  10- 

600 

1208.81 

1 ,3799  X  10- 

4.6117  X  10- 

1.020  X  10- 

1.888  X  10- 

800 

1847.18 

5.9175  X  10- 

1.9777  X  10- 

3.850  X  10- 

4.881  X  10" 

700 

1886.70 

2.9881  X  10- 

9.7681  X  10-° 

1.467  X  10“ 

1.918  X  10- 

800 

1064.88 

1.6660  X  10- 

6.1998  X  JO- 

7.13F  X  10- 

9.8S0  X  10- 

800 

3058,39 

8.7376  X  10- 

2.9202  X  10- 

8.724  X  10- 

4.870  X  10- 

1000 

8184.65 

6.1888  X  10- 

1.7141  X  10- 

2.046  X  10- 

2  .675  X  10- 

11500 

8881.10 

5.5884  X  10- 

18460  X  10- 

1.761  X  10- 

2.303  X  10- 

2000 

8860.84 

9.1690  X  10-° 

3.0647  X  10- 

2.596  X  10- 

3.886  X  10- 

8800 

8886.88 

3.4819  X  10- 

1.1687  X  10- 

9.491  X  10- 

1J41  X  10- 

reaching  an  altitude  of  8000  foot  During  wind  storms,  dust 
*  articles  penetrate  almost  any  enclosure. 

18.4.4.1  EFFECTS  OP  SAND  AND  DUST  ON 
FLUID  COMPONENTS 

Increased  friction  between  sliding  surface*,  causing  abra. 
sicn,  excessive  wear,  and  binding  of  parts. 

Degradation  of  plastic*  and  elastomers  used  for  dynamic 

mil, 

Clogging  of  orifices  such  as  vent  ports. 

Contamination  of  lubricants. 


Erosion  of  paints,  coatings,  glass,  plastics,  and  surface 
finishes. 

Dust  may  be  hygroscopic ;  its  presence  on  metallic  surfaces 
may  aggravate  corrosion. 

Short  circuiting  of  electrical  elements. 

18.4.4.2  DESIGN  TECHNIQUES  FOR  MINIMIZING 
SAND  AND  DUST 

Seal  all  bearings. 

Use  dust  shields,  such  as  rubber  boots,  for  exposed  moving 
shafts. 
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at  room  or  tbtatod  tomporatura. 


13.4.5  Fungus 

Fungus  ie  an  organism  which  ia  encountered  primarily  in 
tropical  climates  and  which  feed*  on  organic  matter 
(nutrient*)  such  u  wood,  paper,  cotton,  celluloae,  paints, 
plastics,  rubber,  etc.  Even  a  coating  of  dust  or  dirt  will 
support  (Ungi  growth  (see  Sub-Section  13.7).  Fungus 
growth  ia  often  accompanied  by  e  high  molature  content. 
Fungus  testing  u  treated  in  Sub- topic  15.7.7. 

13.4,5.1  EFFECTS  OF  FUNGI  ON  FLUID 
COMPONENTS 

Properties  of  polymer*  change  due  to  plasticiser  loss. 
Surfaces  etch. 

Bonded  joints  delaminate. 

Electrical  apparatus  may  short  ciicuit,  caused  by  conduc¬ 
tive  noist  elements  of  fungi. 


IUU  DESIGN  METHODS  TO  PREVENT  DAMAGE 
PROM  FUNGI 

Us*  encapsulation  or  hermetic  scale. 

Avoid  the  use  of  meiature-aboorblrg  materials. 

Avoid  mat  rials  which  can  be  nutrients  for  fungi  such  as 
natural  rubber,  polysulftdet,  and  some  plasticisers. 


itie  «-■ —  ■ — 

9Piv  nVlNraWi 

Solar  radiation  (sunlight)  probably  accounts  for  mora 
widespread  destruction  t(  polymeric  materials  than  nil  th* 
other  climatic,  chemical,  or  physical  agents.  Materia)  de¬ 
gradation  la  caused  by  a  photochemical  reaction,  the  rate 
of  which  le  influenced  by  the  presence  of  molature  and 
oxygen.  Approximately  100,000  caloriee  per  grom-mole  are 
required  for  the  photochemical  activation  of  moot  materials. 

Radiation  is  pro  pops  ted  In  small  unit*  called  photons,  each 
photon  containing  on*  quantum  of  onorgy.  Th*  actual  value 
of  tho  onorgy  in  a  quantum  la  given  by  Planck's  aquation 

K  »  hr  (U  1&4.S) 

where  *  «■  £•  »■■>  frequency  of  the  rodiatlen 

A  —  wav*  length  of  the  redietlon 

c  —  velocity  of  light 

h  *»  (Planch’s  Constant)  —  6.554  X  10  "  erg- sec 

Each  abaorbed  oho’on  or  quantum  of  radiation  onorgy 
enueoe  one  light-abaorbing  molecule  of  tho  absorbing  ma¬ 
teria!  to  be  activated.  Since  there  are  0.035  X  10“  (Avo- 
gadro’s  number)  molecule*  contained  In  e  gram-mole,  it  re¬ 
quires  8.025  X  10”  photons  to  activate  a  gram-mole.  This 
unit  of  radiation  ie  called  an  einsttin. 

Since  th*  anargy  of  th*  quantum  is  inversely  proportions! 
to  the  wave-length  of  th*  radiation,  the  sort  wave  length 
ultraviolet  poaeoeeee  much  i..ore  energy  per  quantum  then 
docs  the  vtsiWe  or  infrared.  Hie  energy  in  variou#  types 
of  radiation  and  their  wave  lengths  are  given  In  Table 
13.4.9.  Because  of  the  abeorptlon  properties  of  the  upper 
atmosphere  (os one  in  pnrtieular),  little  energy  from  wave 
lengths  shorter  then  3000  Angstroms,  X,  reaches  tho 
earth.  Hie  small  fraction  of  ultraviolet  radiation  that  does 
penetrate  th*  atmoephere  nevertheiees  accounts  for  wide¬ 
spread  destruction  of  many  material*.  Solar  radiaticu  or 
sunshine  testing  ia  treated  in  Sub-Topic  15.7.8. 


13.4.6.1  EFFECTS  OF  SOLAR  RADIATION  ON  PLAS¬ 
TICS.  Th*  effect*  of  radiation  on  plastic*  ia  influenced  to  a 
greet  extent  by  the  presence  or  absence  of  other  agonts  each 
as  moisture  and  oxygen.  In  many  cases,  outdoor  weathering 
ia  largely  due  to  photochemical  oxidation  such  as  is  found 
in  the  degradation  of  polyvinyl  chloride.  Severs  degrada¬ 
tion  may  occur  in  some  piaatics  previously  subjected  to  in¬ 
tensive  drying.  Because  of  the  interrelated  action  of  bent, 
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UI.8  THERMAL  3BHAVIOR  OP  MATERIALS 
19,54.1  Aetoettoa  of  Material*  tor  Lew 
Temperature  Service 
MoUto 
Polymer* 

1844.8  SoloctloB  of  Materials  tor  Mlffh 
Temperaturv  Servtoe 
Motels 
StroBgth 
Croop 
Oxtdo'loo 
Mstttag  Fstot 
Non  MoUto 

Plasties  slid  Bhotonow 
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1H®  DivnvvlfnflWH  IVMpiWIdnV 

Tbo  torrootiol  temperature  environment  conoioto  of  tom* 
poroturoo  ocou-rlng  both  In  tbo  notuiol  onvlronmont  ond 
toaporoturo  conditions  induced  by  tbo  system.  Tbo  induced 
tbormol  environment  generally  accounts  for  tbo  most  sore  re 
temperature  extremes.  System  applications  representing 
tbo  wage  of  temper stu  res  under  whkb  fluid  components 
moot  bo  designed  to  operate  err  listed  in  Table  184.1. 


1S.S.2  ritormal  Bahavfer  of  Materials 

Materials  react  so  differently  between  tbe  environmental 
extremes,  from  nearly  absolute  —to  to  above  5000' K,  that 
tois  subject  is  (flueu—od  under  Ijv  and  high  temperature 
categories.  Because  of  tbo  f  mportsncs  of  ductility,  brittle- 
nose,  end  toushnosu  in  considering  temperature  effects  on 
ms  to  riels,  tbo—  properties  are  defined  as  follows: 

DuetUitn :  A  property  which  Indicates  the  ability  of  a  ma¬ 
teriel  to  undergo  plastic  deformation  without  fracturing. 
There  is  no  single  method  of  testing  which  can  bo  con¬ 
sidered  a  measure  of  ductility,  although  percentage  of  elon¬ 
gation,  reduction  in  cross-sectional  ares  at  the  breaking 
point,  end  tbo  note  bod/ unnotched  tensile  strength  ratio  aw 
commonly  used  as  measures  of  a  material’s  ductility.  Tun- 
pswtura  is  a  major  influencing  factor  on  the  ductility  of  a 
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PIUM  OlMflNMl 
lu*4  c*  •yvteii  Apiitrt** 

mm  APPMMTMN 

-48* 

Systami  oaiug  liquid  helium  far  achiev 
lag  cxtiamety  low  tamper* terse, 

-4*4  to  -800 

Cryogwak  propellant  systems  for  rocket 
propulsion  and  ground  p.speltant  landing 
ayt  tarns;  ins  hi  dm  Uquid  hydrogen,  oxy¬ 
gen,  and  ffuei  ine 

—Mb  to  N 

Components  located  in  the  /icin' ty  of 
cryogruk  system*  or  equipment.  Systems 
uid  aampaaenta  operating  ia  lunar  and 
Martian  environments. 

-68  to  +180 

Singe  of  earth  ambient  atmospheric  and 
geological  environments  from  arctk  cold 
to  desert  heat. 

+180  to  400 

Space  uxploratien  vehicles,  aircraft  hy¬ 
draulic  systems,  and  liquid  racket  hot  gas 
presaurlaatlon  systems. 

400  to  700 

Nuclear  power  generation  equlpmont. 
High  temperature  hydraulk  flight  control 
systems. 

700  to  1000 

Proposed  pneumatic  and  hydraulic  con¬ 
trol  systems  for  aircraft  and  missiles. 
Space  equipment  operating  in  Venua  at¬ 
mosphere. 

1000  to  1800 

Turbine  exhaust  temperatures.  Hot  gas 
control  systems. 

1800  to  8000 

Solid  and  liquid  propellant  gas  generator 

systems. 

3000  to  7000 

Thrust  chamber  hot  gai  tap  off  for  sec¬ 
ondary  injection  thrust  vector  control 

systems. 

material.  For  a  number  of  materiala  there  ia  a  tranaition 
temperature  known  aa  the  "ductility  tranaition  tempera¬ 
ture”  above  which  materiala  are  ductile,  and  below  brittle. 
When  a  material  becomes  brittle,  the  ultimate  tenalle 
strength  and  the  yield  strcnicth  have  th«  aame  value.  Duc¬ 
tility  is  a  factor  in  measuring  toughness  of  a  material  and 
an  Important  far ’.or  in  a  material’s  capability  for  redistri¬ 
bution  of  stresses.  In  a  ductile  material,  if  the  stress  in 
some  localised  region  exceeds  the  yield  strength,  the  ma¬ 
terial  deforms  in  the  highly  stressed  arcs,  thus  reducing 
the  localised  stress  end  redistributing  the  stresses  in  the 
pert.  Because  it  is  very  difficult  to  avoid  localised  stress 
concentrations  in  highly  stressed  components,  ductility  con¬ 
siderations  are  extremely  important. 

RritUrnrit:  the  opposite  of  ductility;  a  nonductile  material 
ir  a  brittle  material. 

T'ntghnrtti:  a  measure  of  the  energy  a  material  can  absorb 
hefotc  breaking.  Ductility  and  strength  are  the  major  fac¬ 


tors  determining  the  degree  of  tomtom  id  •  ftaB  ■*- 
ttfial.  Ad**' de  material  wH\  the  bum  strength  aa  a  brittle 
mater  mi  rill  aborrb  i.iore  energy  before  fracture  occurs. 
In  a  static  tewsile  test,  absorbed  energy  to  related  to  tho 
area  under  a  serosa  strain  com,  Impact  toots  art,  a  direct 
measure  of  the  energy  a  material '  111  abeerb  prk.  t  j  frac¬ 
ture.  The  Cbarpy  or  food  testa  are  standard  impret  ttats. 

U4.Lt  flELBTTION  or  MATSHIALS  FOR  LOW 
TBMPBRATVM  SB*  VI  Cl 

Metals.  The  strength  if  moot  Metals  b  higher  a*  low  ton* 
pe returns  Oita  at  room  tanperature  *vbllo,  with  fro  ax- 
ropUons,  tho  ductility  of  o  metal  d  creases  with  dacmatag 
temperature.  Aa  toughnsoo,  measured  tqr  Impact  strength, 
it  e  function  of  both  strength  and  duetUt>4,  toughness  lu* 
creases  for  some  materiala  aud  dsereaaea  for  others  aa  tem¬ 
perature  decree  set,  depcwdlag  ea  whether  atreagtb  or 
ductility  predominate.  Ductility  and  toughneee  are  the  Meat 
often  used  criteria  in  the  selection  of  atadsrMa  for  low 
temperature  service.  There  art,  however,  some  applications 
whom  ductl'ity  is  net  o  satisfactory  criterion  for  selecting 
materiala  for  low  tempa***i'iw  service.  (Ml  springs  having 
good  surface  finishes  and  having  no  local  ttreu  risen,  not 
completely  as  elastic  members  and  do  not  need  to  be  ductile. 

Unfortunately,  there  la  no  single  accepted  Index  which  will 
satisfactorily  predict  whether  or  not  a  material  will  behave 
satisfactorily  for  low  temperature  service.  The  various  in¬ 
dices  that  have  bean  employed  In  the  icier tica  of  low  tem¬ 
perature  materials  include  tho  elongation  of  a  tensile 
specimen,  the  beam  Impact  energy  teat,  toughneee  measured 
by  the  notch  impact  test,  and  the  notch  tensile  teat  Elon¬ 
gation  data  based  on  unaotehed  uniaxial  tensile  tula  can 
be  misleading,  stave  the  affmta  of  multtaxtal  strceem  caused 
by  local  stress  risers  (notches)  end  the  sffsets  of  varying 
strata  rates  are  not  considered. 

Notch  tensile  tacts  are  conducted  at  low  strain  rate,  while 
the  Charpy  V-notrh  impact  test  combines  high  strata  ratja 
with  sharp  notches.  Tho  notched-to-unnotchod  tensile 
strength  ratio  is  gaining  favor  as  an  index  of  embrittle¬ 
ment  which  is  useful  as  a  criteria  for  selecting  metals  for 
low  temperature  service.  In  utilising  notched  tensile  data, 
It  ia  Important  to  rotate  the  values  of  the  test  svreaa  eon 
centratton  factor,  Kt,  which  rungs  from  8  to  1L  Higher 
values  of  K  will  favor  ductile  materials.  A  comparison  of 
m  thods  of  moaaurtrg  ductility  la  shown  in  Figaro  18.SJ.la. 

Low  temperature  fatigue  data  showing  tho  affects  of  notch 
sensitivity  and  stress-concentration  factors  art  axtreowly 
limited.  Gsaeraliy,  the  endurance  limit  of  metals  increases 
as  ths  temperature  decrcaaes;  however,  some  material*  ex¬ 
hibiting  extremely  brittle  behavior  at  low  temperatures 
experience  a  reduction  in  endurance  limit  In  notched  speci¬ 
mens.  For  optimum  fatigue  life  it  ia  good  design  practice 
to  avoid  sharp  notches,  rough  surfaces,  and  sharp  reduc¬ 
tions  in  sections. 

In  general,  face  centered  cubic  metals,  FCC,  have  tarn  ten¬ 
dency  toward  embrittlement  at  low  temperatures  than  other 


13.5.2  -2 


ISSUUO:  MAY  IMS 


ENVIRONMENTS 


Figure  i3.B.2.ia.  Comparieon  of  Vortout  Method*  of  Tasting 
a  Metal’*  DuctH*;  with  Changing  "lam* 
paratur* 

(Materiel  In  S.».  i?-7  RH  inoott  HT  (TH-lOtO)i  from  Retereit c*  91-1.1 

structures,  such  as  body  centered  cubic  metals.  Copper, 
nickel,  aluminum  and  its  alloys,  cobalt  base  alloys,  and  th* 
austenitic  stainless  steels  are  examples  of  FCC  metals 
which  remain  ductile  at  cryogenic  temperatures.  The  pre¬ 
cipitation  hardening  stainless  steels,  carbon  steels,  magne¬ 
sium  alloys,  beryllium,  and  some  titanium  alloys  are  not 
recommenaed  for  low  temperature  structures  based  on  duc¬ 
tility  criteria.  T.  hile  most  common  metals  suitable  for  low 
temperature  applications  are  of  FCC  structure,  some  tita¬ 
nium  alloyt  having  hexagonal  close-packed,  HCP,  structure 
remain  moderately  ductile  at  low  temperatures.  Where  im¬ 
pact  loads  are  low,  a  number  of  inherently  brittle  materia'  j 
such  as  ferritic  stainless  steels,  440C,  have  been  used  suc¬ 
cessfully  in  cryogenic  valve  seat  at  poppet  applications. 

Polymers.  Elastomers  are  charactc  lxed  by  large  deform- 
ability,  non-Mnear  stress-strain  curves,  high  hysteresis,  and 
large  variations  of  stiifness  with  temperature  and  rate  of 
loading. 

The  stiffness  of  an  elastomer  will  gradually  increase  as  the 
temperature  decreases,  until  a  temperature  knov  n  as  the 
/l  ret  order  U  Attrition  temperature  or  freestng  point,  at 
which  point  stiffness  increases  sharply  with  further  de¬ 
crease  in  temperature.  Stiffness  continues  to  increase 
rapidly  until  a  second  transition  point  is  reached  where 
further  decrease  in  temperature  causes  little  increase  in 
stiffness.  This  point  is  known  as  the  atconil  order  traucition 
point  or  glass  transition  temperature,  T„  as  the  material 
becomes  hard  and  rigid  like  glass.  All  polymeric  materials 
pass  through  the  glass  transition  before  reaching  — 150  F. 

At  some  temperatures,  dependent  on  tes*  techniques,  >  test 
specimen  becomes  brittle  or  will  shatter  on  sudden  bending 
or  impact.  The  temperature*  at  which  this  condition  occurs 
(dependent  on  specific  testing  conditions  such  rate  of 
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load  application)  It  called  the  brittle  temperature  or  brittle 
point.  The  brittle  point  boot  no  definite  relation  tu  the 
stiffness  curve  due  primarily  to  the  difference  in  time  soaie 
between  stiffnees  end  Impact  tests. 

Stiffness  of  elastomers  at  low  temperatures  it  illustrated 

In  Figure  13,i>,2.1b.  Tr.ble  13.5.2.1  Hats  the  glass  transition 
temperatures  for  several  common  prlynitfs. 


ngure  13.8.2. lb.  Stiffening  of  elastomer*  at  tow 
Temperature 

(From  Reference  55-J.J 

Some  elastomers  contain  large  amounts  of  special  plasti¬ 
cisers  to  improve  flexibility  at  low  temperatures  and  to  de¬ 
press  the  brittle  point  of  the  material.  Under  prolonged 
exposure  to  lov  temperatures  (below  40  F)  these  plas¬ 
ticisers.  which  ar?  soluble  In  the  elastomers  at  room  tem¬ 
perature,  may  be  ejected  out  of  solufon,  the, cby  lowering, 
flexibility  above  the  brittle  point  and  raising  the  brittle' 
point  several  degrees. 

O 

The  low  temperature'  limits  of  a  polymer  are  dependent  on 
the  particular  application  for  which  it  Is  to  be  used.  For 
example,  elastomers  can  be  used  in  st-*ti.  seal  applications 
at  temperatures  well  below  the  stiffening  temperatures 

Table  13.6.2.1.  Polymer  Class  Transitions  Temperatures 

(Reference  46-20; 


GLAsa^TnASsmoN'  t„.  »r 


Polyisobutylene 

-101 

Natural  rubber  (Hevca) 

—99 

Polyurethane 

SI 

Polystyrene 

t  ?12 

Polymethylmethacrylate  ( Plexiglass) 

f  221 

Polyvinyl  chloride 

♦■•165 

Butadiene  styrene  rubber 

27 

Silicone  rubber 

112 

Polytetraftuoroethylene  ( Teflon ) 

+  77 
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when  elastic  response  is  not  required.  Investigation  of  the 
uae  of  elastomers  as  static  seals  for  cryogenic  service  by 
the  National  Bureau  of  Standards  has  shown  that  if  the 
seal  is  initially  compressed  above  50  U>  70  percent,  the  seal- 
ing  force  will  not  go  to  sero  at  the  brittle  point  but  will 
level  off  at  some  constant  value.  Figure  13.5.2.1c  shows 
force-temperature  curves  for  an  elastomer  aftvr  various 
degrees  of  initial  compression  measured  in  percent  squeeze. 


Figure  13.5.2.1c.  Force-Temperature  Diagram 

(From  "Applied  Cryogenic  engineering ,"  R.  W.  Vance  and  W.  M,  Duke, 
1962.  John  W.ley  and  Sons,  Hew  York.) 

Very  few  polymers  are  useable  at  cryogenic  temperatures 
in  applications  where  flexing  of  the  materal  is  required. 
Exceptions  are  fluorocarhjn  plastics  such  as  Teflon  and 
Kel-F,  which  can  be  used  in  cryogenic  applications  for  lip 
seals  and  diaphragms  which  require  only  a  limited  amount 
of  flexing.  Also  it  is  possible  to  maintain  flexibility  at  cryo¬ 
genic  temperatures  if  a  polymer  can  be  used  in  sufficiently 
thin  sections.  Mylar,  for  example,  has  been  used  success¬ 
fully  as  a  diaphragm  material  in  liquid  hydrogen  valves 
where  a  high  degree  of  flexibility  was  achieved  at  tempera¬ 
tures  as  >ow  as  400  F.  Because  of  the  low  temperature 
limitations  of  polymers,  i*  is  common  design  practice  to 
isolate  flexing  elements  such  as  diaphragms  and  dynamic 
seals  used  in  actuators  front  the  low  temperature  environ¬ 
ment  by  techniques  described  in  "Heat  Transfer,”  under 
Detailed  Topic  -  2. ”.1.2  and  2. .'1.2.1. 

13.5.2.2  SELECTION  OF  MATERIALS  FOR  HIGH  TS5M- 
I'KRATl'RK  SERVICE.  Whereas  ductility  is  usually  the 
limiting  criterion  in  selecting  materials  for  low  temperature 
service,  strength  is  usually  the  limiting  factor  in  selecting 
materials  for  high  temperature  service.  Another  important 
limiting  factor  for  high  temperature  materials  is  the  re¬ 
action  of  the  material  to  the  environment,  i.e.,  conation. 

M.-tals.  High  temperature  limitations  of  m-.'tnla  are  based 
mi  considerations  of  xie,  uyih,  a  fun<  i.or,  of  tomperatu>,e 
ahme,  ciii  /),  a  function  of  time  and  temperature,  o filiation, 
and  eo  /mint. 


Strength:  Most  structural  metals  retain  their  useful 
strength  at  temperature!  up  to  400'  F.  A  reduction  in 
strength  level  of  some  of  the  lighter  metals  must  be  com¬ 
pensated  'or  by  increased  thickness  of  the  part.  From  400° F 
to  toot)  F  cast  irons,  low  alloy  steels,  magnesium  thorium 
alloys,  aluminum  alloys,  ferritic  stainlenr  steels,  and  some 
titsnium  alloys,  are  used  at  reduced  stress  levels.  The  mar¬ 
tensitic  tool  steels,  steel  alloys  containing  high  amounts  of 
vanadium,  tungsten,  and  molybdenum,  and  austenitic  stain¬ 
less  steels  offer  good  structural  properties  at  these  temper¬ 
atures.  Figure  13.5.2.2a  shows  the  tensile  strengths  of 
various  alloy  systems  ss  a  function  of  temperature. 


Figure  13.5.2.2a.  Tensile  Strergth  of  Various  Alloy  Systems 
as  *  ’’unction  «*  I  nerve  sing  Temperature 

(From  "Metal  Progress."  L.  P.  Jahnke  and  P.  0.  Frur.X,  Oecembar  J9S8. 
Copyright  1958  by  the  American  Soclaty  tor  Metals,  Mathis  Park,  Ohio.) 


From  1000  F  to  1200  F  the  nickel  base  alloys  ace  host  for 
structural  parts.  Cold- wot ked  precipitation-strengthened 
nickel  base  alloys  such  as  Incone'  ‘‘X”  and  Ren 5  41  have 
high  strengths  in  the  600  F  to  1200° F  range. 

Over  the  range  from  1200  F  to  2100°F  the  super-alloys  are 
considered  primary  engineering  materials.  Thess  include 
the  no.i-heat-tveated  chromium  nickel-iron-steels,  which  ex¬ 
hibit  good  strength  and  good  oxidation  resistance  to  1600°F. 
Heat-treated  chromium-nickel-iron  may  be  used  to  1900°F 
for  continuous  set  vice.  From  1900 ’F  to  2100°F  the  erst 
cobalt  alloys  have  excellent  oxidation  resistance  and  high 
strength,  and  have  her-'  ured  for  turbine  blades,  nozzles  and 
valves.  The  nickel  b:\se  alloys  have  been  used  to  2100°F  for 
furnace  parts,  exhaust  stacks,  and  combustion  chambers. 

Refractory  metals  are  promising  materials  for  structural 
applications  above  2000  F.  Refractory  metals  may  be  de¬ 
fined  as  those  metals  which  have  melting  points  exceeding 
3270  F.  The  refractory  metals  include  titanium,  zirconium, 
niobium,  tantalum,  chromium,  molybdenum,  tungsten,  va¬ 
nadium,  rhodium,  and  iridium. 

Refractory  metals  oxhibi,',  good  radiation  resistance  at  ele¬ 
vated  temperatures,  are  weldable,  and  show  high  wear 
resistance.  However,  refractory  metals  are  characterized 
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by  poor  high  temperature  oxidation  resistance  (Figure 
13.5.2.2b).  At  present  it  is  necessary  to  rely  for  oxidation 
protection  on  coatings  which  are  in  themselves  still  in  the 
development  stage.  Siliclde  base  coatings  have  been  con- 
si  lerea  as  coatings  for  mclybdenum,  niobium,  and  tantalum. 
Aluminides  and  chromiura-titanium-silicon  compositions 
show  promise  as  coatings  for  niobium  alloys. 


Hnn  ms?  ot>  Oxidation  Rata  of  Refractory  Motets. 

(Thera  to  a  rapid  Increase  at  temperatures  abova  BOO'F.  Molybdenum 
and  rhenlm,  which  harm  vary  high  oxidation  rata s  dua  to  tha  high  vapor 
praaaura  at  thalr  oxides.  arc  shown  to  tha  upper  portion  of  rha  figure. 
Tram  “Metal  Progratt,"  L.  P.  Jchnka  and  ft.  0.  frank.  Dacambar  195*. 
Copyright  19 SB  by  tha  American  Society  lor  Metals,  Mataia  Park,  Ohio.) 


Creep:  Creep  is  an  important  consideration  where  extended 
service  is  required  at  elevated  temperatures.  Creep  may  be 
defined  as  an  increase  in  strain  in  a  material  under  a  con¬ 
stant  static  load  at  a  given  temperature.  The  total  amoun  t 
of  creep  varies  with  time,  while  the  rate  of  creep  is  a  func¬ 
tion  of  temperature  and  stress  levs!.  When  a  metal  is 
stresrad,  it  undergoes  Initial  elastic  adjustments  occurring 
r.t  points  of  atresa  along  grain  boundaries.  After  these 
initial  adjustments,  creep  sets  in  and  continues  until  a  re¬ 
duction  of  cron-sectional  area  can  no  longer  support  the 
local  and  rupture  occurs.  Figure  13.5.2.2c  illustrates  typical 
strain  rate  (creep)  curves  It  can  be  seen  from  the  curve 
that  the  straight  line  portion  of  the  curve  represents  a 
steady  creep  rate  which  increases  with  temperature  and 
stress.  The  time  before  failure  by  rupture  is  decreased  as 
temperature  is  increased.  Creep  rate  is  defined  as  the  strain 
per  time  during  the  period  of  steady  elongation.  7t  is  equal 
to  the  slope  of  straight  portion  of  the  curves  shown  in  Fig¬ 
ure  13.5.2.2c.  Creep  strength  is  defined  as  the  stress  level 
which  will  produce  a  given  strain  over  a  fixed  time  interval 
at  a  given  temperature.  The  creep  strength  of  several  ms 
terials  is  shown  in  Tabic  13.5.2.2a.  The  atresa  rupture 
strength  is  the  stress  level  which  will  cause  rupture  of  the 
material  within  a  given  time  interval  at  a  given  tempera¬ 
ture.  The  etress  rupture  strength  of  ueveral  high  ten  per- 
ature  alloys  is  presented  in  Table  13.5.2.2b. 


Figure  13.5.2.2c.  Typical  Creep  Curves 

(The  weight  line  portion  ot  tha  curvet  controls  tha  useful  ilia  o I  tha 
material.) 


When  available,  stress  time  curves  (Figure  13.5.2.2d)  are 
valuable  in  deeigning  for  a  certain  total  strain  over  the 
life  of  a  component  for  a  given  operating  temperature  level. 
The  family  of  curves  shifts  downwards  for  increasing  tem¬ 
perature  level.  The  designer,  however,  should  b~  aware  of 
the  other  variables  such  as  oxidation  and  phase  changes 
which  will  also  affect  the  service  life  of  the  component. 


Figure  13.5.2. 2d.  Stress-Time  Curves  at  High  Temperatures 

i  Adapted  from  J.  W.  Freeman,  E.  E.  Reynolds,  and  A.  E.  White.  " High 
Temperatu,  <t  Alloys  Developed  for  Aircraft  Turtochargars  and  Gas  Tur¬ 
binas,"  ASTM  Symposium  on  Materials  for  Gas  -Turbinas,  52,  194o.< 


Oxidation :  In  high  temperature  applications,  a  metal's  re¬ 
sistance  to  oxidation  is  determined  primarily  by  the  prop 
erttes  of  the  scale  formed  on  us  surface.  Data  on  some 
materials  show  that  oxidation  proceeds  according  to  a  para¬ 
bolic  relationship  between  the  thickness  or  weight  of  the 
o^ide  film  and  the  time.  However,  for  long  exposure  at  high 
temperatures,  tke  increased  thickness  of  flln  is  subject  to 
rupture  or  cracking,  especially  if  cyclic  stresses  are  imposed 
on  the  part  and  spalling  or  flaking  of  the  oxide  occur  *. 
Thermal  cycling  can  also  cause  increased  compressive 
stresses  in  the  oxide  film  because  of  the  differ  snt  coefficient 
of.  expansion  of  the  underlying  material.  The  combined 
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ifMa  at  corrosion  sad  itrosn  htw  boon  rupcMlbb  for 
auay  nigh  temperature  structural  failures.  Localised  cor* 
•wifi  attach  producso  note  boa  which  act  as  stres#  risen. 
Carton  stool  oxidises  rsadiljr  in  air  at  1000°  F.  Whoa  the 
tsasporaturo  is  raised  to  1300“F-140C“F,  corrosion  is  fa* 
vortd  at  tho  grain  boundaries.  When  a  surface  tensile  stress 
is  present,  a  localised  corrosion  attack  occurs,  known  as 
stress  corrosion,  or  corrosion  fatigue  if  tho  stress  is  cyclic. 
Additional  information  on  oxidation  corrosion  is  given  in 
Sub-Section  13.7. 

Melting  Point*.-  The  absolute  temperature  limit  for  any 
solid  material  ui  a  struct  ural  member  ia  determined  by  its 
melting  point.  The  melting  points  of  several  types  of  metals 
and  ceramics  are  ubown  in  Table  13.5.2.8c.  The  relationship 
between  useful  strength  and  melting  point  for  several 
metals  ia  shown  in  Table  13.5.2.3d. 

Naa* metals.  Non-metals  cover  an  extremely  wide  range  of 
materiala,  varying  from  plastics  and  elastomers  useful  only 
up  to  a  few  hundred  degrees  Fahrenheit  to  ceramics  and 
graphite  useful  to  several  thousand  degrees  Fahrenheit. 

Plasties  and  Elastomers :  In  addition  to  strength,  impor¬ 
tant  properties  to  considor  in  the  selection  of  plastics  and 
elastomers  tor  elevated  temperature  application  .' ,e  elonga¬ 
tion,  compression  jet,  hardness,  and  chemical  degradation. 

Sustained  high  temperatures  cannot  be  tolerated  by  poly¬ 
mers.  Many  rubbers  oxidise  and  either  soften  or  embrittle 
at  temperatures  above  300°  F.  Fluorinsted  polymers  have 
the  highest  service  temperature  (approximately  600“ F)  of 
the  plastic  end  elastomeric  materials  used  in  valve  seal  and 
diaphragm  applications.  Table  13.5.2.2e  presents  the  maxi¬ 
mum  service  temperatures  for  a  number  of  commonly  usod 
plastic  and  elastomer  materials. 

The  deformation  of  an  elastomer  under  a  constant  fence 
varies  inversely  with  the  absolute  temperature.  This  effect 
can  cause  an  O-ring  to  seise  around  a  shaft  as  temperature 
increases  or  cause  the  elastic  propertien  of  the  material  to 
change  with  temperature.  An  irreversible  process  of  an 
elastomer  is  referred  to  as  aging,  and  at  elevated  tempera¬ 
tures  some  materials  will  take  a  permanent  compression 
set,  causing  leakage  in  a  seal  or  loss  of  elastic  properties. 
Creep  resulting  from  scission  of  polymer  bond  either  by 
radiation  or  oxidation  is  also  considered  an  irreversible 
process. 

High  Teinperat-tre  Son-metals:  Refractory  materials  such 
as  oxides,  carbides,  nitrides,  silicides,  borides,  beryl.idea, 
aluminides,  xirconides,  germanides,  and  enromidei  show 
good  strength  and  oxidation  resistance  up  to  2000°  F.  Oxides 
are  the  most  widely  used  ceramics  at  present  and  are  known 
for  their  low  thermal  shock  and  mechanical  impact  resist¬ 
ance.  They  are  considered  in  the  temperature  range  from 
2000  F  to  2500  F.  The  carbides  have  exceptionally  high 
melting  points,  falling  in  the  range  of  4500  °F  to  7000° F. 
However,  with  the  exception  of  SiC,  they  show  poor  oxida¬ 
tion  resistance  at  temperatures  exceeding  1800  F.  At  tem¬ 
peratures  near  3000  F,  SiC  oxides  rapidly.  Reliable  and 


eoaelusivs  data  on  these  materials  and  their  applications  at 
high  temperatures  are  limited. 

Graphite  it  a  high  temperature,  non-structural  material 
which  haa  been  uaed  for  such  applications  as  thruat  vector 
cor.trol  system  components  and  solid  p rope' lent  rocket  noe¬ 
tic  inserts.  Its  strength  increases  with  temperature  to  ap¬ 
proximately  5000“  F.  For  shapes  of  constant  thickness  and 
relatively  high  purity,  graphite  has  excellent  thermal  shock 
resistance.  Above  2500°F  graphite  haa  the  highest  strength- 
weight  ratio  of  all  the  high  temperature  materials. 

1UA1  DK8IGN  CONSIDERATIONS  FOR  OPERATION 
OVER  A  WIDE  TEMPERATURE  RANGE.  la  addition  to 
tho  effects  of  high  and  low  temperatures  to  materials,  tho 
designer  must  consider  the  effects  of  temperature  changes. 

Dimensional  Stability 

efficient  of  Thermal  Expansion  or  (Contreetum).  When 
the  temperature  of  a  material  is  altered,  expansion  or  con¬ 
traction  results  In  a  volume  change. 

Where  materials  having  different  thermal  expansion  co¬ 
efficients  are  in  contact,  thermal  stresses  and  subsequent 
dimensional  changes  can  occur.  When  a  component  uiust  be 
capable  of  operation  ever  a  wide  temperature  range,  care 
must  he  taken  to  assure  that  differential  expansion  (eon- 
traction)  will  not  result  in  detrimental  dimensional 
changes,  particularly  where  moving  parte  and  dees  toler¬ 
ances  are  involved.  Where  elastomers  or  plasties  are  used 
for  seals,  sad  increase  or  decrease  in  temperature  will 
affect  the  sealing  forces  in  n  closure  because  of  a  corres¬ 
ponding  increase  or  decrease  in  the  seal  volume  with  rela¬ 
tion  to  the  groove.  This  is  raueed  by  the  fact  that  all  poly¬ 
meric  materials  have  s  much  higher  therms]  expansion 
coefficient  than  metals.  In  some  elastomeric  materials  at 
certain  rates  of  c joling,  the  rate  if  return  of  tho  material 
at  the  lower  temperature  is  less  than  the  l  ate  of  shrink¬ 
age  due  to  cooling.  Consequently,  the  seeling  force  may  be 
lessened  to  tho  point  where  leakage  occurs.  Thermal  ex¬ 
pansion  or  contraction  of  s  part  can  result  in  increased 
friction  or  reisure,  relief  of  p re- stressed  bolts  causing 
loosening  of  the  nut,  leakage  in  a  valve  closure,  and  a 
shift  in  calibration  of  linkage-controlled  equipment.  The 
coefficient  of  thermal  expansion  of  several  materials  are 
given  in  Table  13.5.2.3s. 

Thermal  Gradients:  Thermal  gradients  (non-uniferm  hast¬ 
ing  or  cooling  of  a  component)  can  result  from  large  differ¬ 
ences  in  mass  distribution.  Large  masses  of  material  taka 
longer  to  change  temperature  due  to  their  larger  heat  ca¬ 
pacity.  If  a  component  must  operate  under  non-equilibrium 
temperature  conditions,  the  designer  should  carefully  con¬ 
sider  non-uniform  dimensional  changes  resulting  from  ther¬ 
mal  gradients.  Such  effects  can  be  minimised  by  designing 
components  with  uniform  wall  thicknessss  and  avoiding 
large  masses  of  material.  Where  operation  takes  place  only 
after  temperature  is  stabilised,  the  only  concern  is  that 
thermal  gradients  do  not  result  in  stresses  which  exceed 
allowable  yield  stresses.  Even  in  a  part  having  uniform 
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MATERIAL,  FORM,  CONDITION 


Ur  to  SM°F 


Non-Ferrene  Metals 

Copper* . wrought  (annealed) 

Nonleaded  braaaet. . wrought  (annealed) 

Bronsea . wrought  (annealed) 

Cupro-nickel  . wrought  (water 

quenched,  aged) 

Aluminum  20S4-T . sheet 

Aluminum  7075-T . aheet 

Titanium  (commercial)  . . .  .sheet  (annealed) 

TI-6A1-4V . aheet  (annealed) 

Ti-7AMMo  . bar  or  forging  (annealed) 


Above  8M°F 


STREW  (1000  MO  rOR  (L01  .  _ 
Pin  low  HR  AT  INDICATED 


Nickel-chromium  alloys 

(HN,  HT,  HU,  HW,  HX) . cast 

Snperalloys 

Inconel  X  . 

19  9  DL  . 

Hastelloy  X . 

N-IM  . 

S-816 . 


•«t  hot 
•*l»  1M*T 
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*oi,  M  no.  I, 


now 

— 

r*  vmwD  $r 

^  v, mm&jgw&yr 

m 

499 

500 

800 

900 

300 

400 

500 

000 

800 

tht  (annealed) 

3-8 

1.6-6 

0.4-2.8 

_ 

(ht  (annealed) 

0.8-19 

2-11 

0.3-23 

— 

— 

25 

5-9 

1-2 

— 

— 

iht  (mwmM) 
rht  (water 

14-9 & 

6-10 

2-6 

— 

— 

— 

*— 

— 

Mix;  hod,  mH) 

85-40 

16-80 

8-30 

— 

— 

— 

22 

13 

— 

— 

88 

9.5 

2.5 

1.5 

— 

30 

IS 

2 

2 

— 

18 

4 

2.6 

1.5 

— 

10 

0 

8 

2 

— 

Mt  (annealed) 

— 

38 

— 

32 

10 

37 

40 

27 

22 

12 

Mt  (annealed) 

— 

— 

— 

— 

— 

— 

— 

— 

80 

— 

Bf  (unwhd) 

— 

— 

— 

— 

— 

— 

— 

— 

•I 

18 

19M 

1100 

1200 

1500 

1090 

1900 

1100 

1200 

1100 

1800 

.wrought,  coat 

1.8 

0.1 

_ 

3.3-5 

_ 

0.5 

, 

.  wrought,  caat 

5-7 

3 

1 

— 

— 

10-12 

4 

2 

“ 

wrought,  cast 

0-18 

2-4 

1-2.5 

— 

— 

10-20 

3-8 

2-4.6 

— 

— 

wrought,  caat 

0-7 

S.5-3.5 

1-2 

__ 

6-11 

5-8.5 

2-3.5 

— 

— 

.wrought,  eaat 

5-9 

2.6-4 

1-2 

8-12 

4-0 

2.5-2 

S 

3.5 

1.3 

_ 

— 

9.2 

4.2 

2 

— 

— 

4.2-7 

2.S-4.6 

1.0-l.fl 

— 

— 

0-8.5 

6-5 

16-18 

— 

— 

12-17 

7.6-11.6 

4.6-7 

1-2 

_ 

17-25 

12-18.2 

7-12.7 

1 .2-2.8 

— 

— 

4 

0.5 

— 

15.9 

11.0 

8 

1.0 

— 

. wrought 

17 

IS 

8 

2 

17 

13-14 

9 

1-2.5 

” 

— 

_ 

— 

— 

-- 

— 

— 

1  SrfJi' 

67-1.9 

— 

— 

— 

— 

— 

— 

— 

— 

3.6-7* 

2-4.3 

— 

— 

— 

— 

— 

— 

— 

— 

0-8.5* 

3-5 

04 

18.3 

9.0 

— 

— 

— 

— 

— 

— 

— 

20 

7.1 

2.4 

I 

— 

—  -  - 

__ 

18.4** 

10J 

— 

— 

— 

— 

— 

— 

42 

11.5 

5.8 
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10  NO 

1106  f 

MHd 

iaoo  r 

iMA  r 

ALLOY 

vs^ 

ALLOY 

•w 

ALLOY 

V 

ALLOY 

Tgr 

Al 

Waspaloy  . 

ISO 

Incontl  718*  .... 

70 

Mo-0.6  Ti* . 

65 

1753  . . 

.  115 

Nlcroli 

M-252  . 

120 

Ran*  41 . 

65 

Columbium* . 

53 

Waapal^y . 

.  110 

Incore1 

1  neotoy  901*  . . . . 

110 

U-500  . 

62 

Molybdenum*  . . . 

30 

Inconel  700  . . . . 

.  100 

1753  . 

W-545  . 

96 

1758  . 

60 

Inconel  713* . 

24 

U-212 . 

.  100 

Rend  4 

Incoral  X . 

92 

Waipoloy . 

58 

G MR-235*  * . 

16 

M-252 . 

.  98 

UdinM 

Refractaloy  26  . . 

92 

Inconel  100* . 

55 

1753  . 

16 

1)979  . 

.  94 

Wo  no 

8-816  . 

88 

CMR-2»5*  * . 

52 

V-36*  " . 

13 

W-545  . 

90 

Wasps 

A-286  . 

SO 

M-252  . 

43 

X-40*  . 

13 

G  MR-235*  ..s. 

.  86 

GMR-J 

Inco  702*  * . 

75 

Inconel  X . 

38 

HS-21*  . 

12.5 

Incoloy  901  .... 

.  86 

M-252 

Haatelloy  B . 

71 .6 

RefrocUloy  26  . . 

86 

M-252  . 

12 

Ratractaioy  28  . 

.  80 

D-P79 

DiactOoy*  . 

70 

X-40“  . 

33 

H8-25 . 

11.6 

HS-25 . 

.  70 

8-8)6 

HS-21* . 

70 

S-816  . 

33 

Inconel  700* . 

9 

S-816  . 

.  65 

X-40* 

Refractaloy  70  . . 

70 

HS-35 . 

30 

N-155 . 

8.8 

A-286  . 

.  63 

S-816* 

Hastelloy  C . 

69 

Hastelloy  B*  .... 

29 

Haatelloy  X*  .... 

8 

Refractaloy  70  . 

.  56 

Refras 

Nivco  . 

66 

V-86*'  * . 

29 

HK*  . 

6.5 

S-8t6*  . 

56 

HS-25 

N-155  . 

02 

3-690  . 

28 

RH*  . 

6 

Discaloy . 

.  55 

V-36  , 

3-690  . 

.  62 

HS-21*  . 

27 

HT* . 

6.8 

Hastelloy  <!  . . . . 

.  55 

HS-21' 

X-40*  . 

61 

Keitel  toy  B . 

26 

Inco  702*-  * . 

4.2 

Inconel  702  . . . . 

55 

S590 

Hastelloy  X . 

58 

Haatelloy  G . 

26 

Nivuo  . 

54 

Incntoj 

16-25-6 . 

55 

N-155 . 

26 

HS-21*  . 

.  62 

N-155 

N-165*  . 

52 

Haatelloy  C*  .... 

25 

Hastelloy  B*  . . . 

61 

N-155* 

19-9DL . 

50 

N-155*  . 

25 

Hastelloy  B  . . . . 

50 

Refra* 

HH*  . 

46 

16-25.6 . 

24 

N-155 . 

50 

Hostel 

HT  . . 

41 

Inco  702*'  * . 

23 

S-590  . 

.  60 

Kastel 

Hr*  . 

87 

A-286  . 

22 

Hastelloy  C*  . . . 

.  49.5 

Has  tel 

HK“  . 

85 

Hasteltoy  X 

22 

N-155*  . 

.  49 

Hactel 

Hastelloy  X*  .... 

84 

Haatelloy  X*  .... 

20 

Hastelloy  X  . . . 

.  44 

Incone 

19.9DL . 

20 

X-40*  . 

Haste! 

HT* . 

16.5 

16-25-6 . 

.  44 

Dlscab 

HH,  HK* . 

16 

19-9DL  . 

.  44 

A-286 

Hr*  . 

13 

HH*  . 

35 

16-25-1 

Hastelloy  X*  . . . 

.  82 

19-9D1 

*Ca»t 

kbUmited 

'Sheet 

HT*  . 

.  3? 

HT* 

*  A  n  r  Mica  or  reerntaUlaed 

-Stress  relieved 

Hastelloy  X*  . . . 

.  32 

HH* 

HF-  . 

.  30 

HK* 

HX*  . 

1 _ 

.  25 

HF* 
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0 

ALLOT 

IT 

ALLOT 
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ALLOY 

It 

ALLOT 
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.  180 

Inconel  713  . . . 

70 

Mo-0.6  Tl4  ... 

...  65 

1753  . 

.  115 

Ntcrotunjr*  . . . . 

.  65 

Mu-0.6  Tl- 

.  120 

Reel  41  . 

65 

Columbium4 . . 

...  58 

Waspaloy . 

.  110 

Inconol  713C*  . . 

.  55 

0.07  Zr*  . . 

...  70 

.  no 

IT -500  . 

62 

Molybdenum* 

...  30 

Inconol  700  .... 

.  100 

1750  . 

.  47 

Mo-C.5  Tl*  . . 

...  62 

05 

1 753  . 

60 

lncoiwi  713*  .  . 

. . .  24 

U-212  . 

.  100 

Rant'  41  . 

45 

Mo-0. 5  Tl- 

.  02 

Waspaloy . 

58 

G MR-235*' 4  . . 

...  16 

M-252 . 

08 

Udimet  500  . . . 

45 

0.07  Zr4  .. 

...  40 

92 

55 

1753  . 

. . .  16 

DD79 . 

04 

43 

86 

8.\ 

GMR-23.V  * . 

52 

V-Sff*  ' . 

. . .  13 

W-545  . 

90 

Wnapaloy  . 

40 

Mo-0.5  Tl4  . . 

. . .  28 

.  80 

M-252  . 

48 

X-40*  . 

...  13 

G MR-235*  . 

.  86 

G MR-235*  . 

.  38 

Molybdenum* 

...  22 

75 

lnron»l  X  .....  . 

38 

HS-21*  . 

. . .  12.5 

Incoloy  001  .... 

85 

M-252  . 

37 

Nicrotunff* 

...  22 

.  71.5 

Refractaloy  26  . . 

36 

M-252  . 

...  12 

Refractaloy  26  . 

80 

D-979  . 

.  36 

Inconol  718C* 

...  16 

.  70 

X-*«*  . 

33 

HS-25 . 

...  11.5 

HS-25 . 

.  70 

S-816  . 

.  20 

Udin.ot  700  . 

...  16 

70 

S-816 . 

33 

Inconel  700*  , . 

9 

8-8*6  . 

65 

X-40*  . 

29 

G MR-28 5*  .. 

. ..  13 

70 

HS-25 . 

30 

N-155 . 

8.8 

A -286  . 

68 

S-816*  . 

28 

Udimot  C00  . 

...  12 

.  69 

Hastel'.oy  B*  . . . . 

29 

Ha-itelloy  X*  . 

8 

Refractaloy  70  . 

.  56 

Refractory  26  . . 

.  27 

Molybdenum4 

. . .  11.5 
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V-SB*  ' . 

20 

HK*  . 

6.5 

8-816"  . 

56 

HS-25  . 

?4 

X-40*  . 

...  11.8 

62 

S-r.'K)  . 

29 

HH*  . 

6 

Discaloy . 

.  55 

V-36  . 

24 

S-816*  . 

...  11 

, . .  62 

HS-21*  . 

27 

HT* . 

5.8 

Hastolloy  C  . . . . 

.  55 

HS-21*  . 

22 

HS  21*  . 

9.1 

61 

26 

Inco  702*  *  . . . 

4.2 

Inconol  702  , . , . 

55 

8-590  . 

22 

V-36  . 

9 

..  56 

Hastolloy  C . 

26 

Nivco  . 

54 

Incoloy  901  . . . 

.  20 

Waspaloy  . . 

...  8 

. .  55 

N.155 

26 

HS-21*  . 

52 

N-155  . . . 

20 

HS-25  .  ... 

7.5 

.  52 

Hastolloy  C*  . , . 

25 

Hastolloy  B*  . . . 

51 

N-155*  . 

.  19 

Inconol  700  . 

5.6 

, .  50 

N-15.5* 

26 

Hastolloy  B  . . . . 

50 

Refractaloy  70 

19 

N-155 . 

5 

..  46 

16-25.6 . 

24 

N-155  .’ . 

.  50 

Hastolloy  C*  . . 

.  18.5 

HT,  HK*.... 

...  4.5 

41 

Inrn  ?ft2*  *  . 

23 

8-590  . 

50 

Hastolloy  B*  . . . 

18 

HH*  . 

4.0 

..  37 

A -286  . 

22 

Hastelloy  C*  . . . 

49.5 

Hastelloy  C  . . . 

.  18 

Inconol  702  . 

...  8.1 

. .  35 

Hastolloy  X . 

22 

N-15V  . 

.  49 

Hastolloy  B  ... 

.  17 

. .  34 

Hastelloy  X*  . . . . 

20 

Hastolloy  X  . . . 

.  44 

Inconel  702  . . . . 

.  16 

19-9&L 

20 

i-40*  . 

44 

Hastelloy  X  . . 

.  15.5 

HT" . 

16.5 

16-25-6 . 

.  44 

Diacaloy  . 

.  15 

HH,  HK‘ . 

16 

19-9DL  . 

44 

A-268 . 

.  14 

UK*  ...  ...... 

13 

HH"  . 

35 

16-25-6  ... _ 

.  13.5 

Hastolloy  X*  . . . 

.  32 

19-9DL  . 

.  13 

*C»M 

•Stunt 

HT"  . 

.  32 

HT*  . 

.  12 

■'AnneaM  or  mmltllM 

a’Str«M 

Hastolloy  X*  . . . 

.  32 

HH*  . 

.  11.5 

HF*  . . 

.  80 

HK"  . 

.  10.5 

HK*  . 

.  25 

HF*  . 

.  0 
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Table  IS.t4.lc.  McHIni  Faints  of  Metal*  ant  Car  arnica* 

(Poprlntod  with  pormlttion  uom  Motorlolt  Stlecfor  him,  "Msferlefs  In  Dtiign  tnalnoorlnt,"  *01,  St,  no.  I, 
mtifoctobor  1963,  p.  34.  Copyright  lM3  by  talnhoKt  Pub/ithlng  Co tp„  Now  York) 


_ MATtNML _ 

Tungsten  . .  6170 

Thoria  .  6000 

Tantalum  . 5425 

Magnesia  .  5070 

Oamium .  4800 

Molybdenum  alloys  . . .  4750 

Caleia  and  airconia  . . .  4710 
Columbium  alloys  ....  4680 

Boryllia .  4605 

Ruthenium  . .  4530 

Iridium  .  4450 

Molybdenum  disllic.de.  8776 

Rhodium  .  3571 

Silicon  nitride  .  3458 

Hafnium  .  3400 

Alumina  cornets .  3368 

Zirconium  and  its 

alluys .  3355 

Platinum .  3284 

Thorium  .  3180 

Vanadium .  3110 

Fused  silica  glass  ....  3060 

Titanium  and  its 

alloys .  3040 

Boron  nitride  . >3000 

Palladium  .  2880 

Martensitic  stainless 

steels  .  2800 

06V,  silica  glass .  2800 

Ferritic  stainless  steels  2790 

Carbon  steels .  2775 

Low  alloy  steels .  2760 


UATtmUL _ 

Heat  resistant  alloys 

(cast)  . 

High  temperat’  :* 

steels  . 

S..  inless  steels  (cast) . 
Wrought  Irons  ....... 

Cobalt  . 

Cr-Ni-Fe  super&lloys. . 
Aus*  .title  stainless 

steels  . 

Nickel  and  its  alloys. . . 
Low  expansion  nickel 

alloys . 

Nickel-base  superalloys 
Cobalt-base  supeialloys 
Age  hardcnable 

stainless  steelii . 

Cr-NI-Co-Fe 

superalloys  . . L . 

Beryllium  . \ . 

Cupro-nickels  . .  1 . 

Austenitic  noduls|r 

irons  . . 

Chromium  copper  .... 

Uranium  . . 

Heat  resistant  nodular 

irons  . 

Nickel  silvers  . . . . 

Silicon  bronxes . 

Coppers . 

Phosphor  bronxes  .... 
Gliding,  95',;  . 


UMM*’  LOW 


MATKMAl 


Gold . . . 

Aluminum  bronxes 

(cast)  . 

Commercial  bronse  . 

Leaded  brasses . 

Tin  bronxes  (cast), 

leaded  . 

Beryllium  copper  . . . 
Tin  bronxes  (cast), 

high  leaded . 

Tin  ond  aluminum 

brasses  . 

Silver . 

Aluminum  silicate 

glass  . 

Borosilicate  glass  , . 
Soda-lime  glass 
Aluminum  and  its 

alleys . 

Magnesium  alloys  . . 
Aluminum  and  its 
alloys  (cast)  .... 
Lead  silicate  glasses 
Tin-lead-antimony 

alloys . 

Zinc  and  its  alloys  . . 

Soft  lead . 

Hard  lead  alloys  . . . 

Pewter . 

Lead-base  babbivts  . 

White  metal . . . 

Hard  tin . 


*V«lun  r*pr**«nt  hlirh  and  low  >ldm  of  •  range  of  tmiirnl  mine*. 
*'T«anmUn.  *F 


wall  thickness,  rapid  temperature  changes  (thermal  shock) 
may  cause  distortion.  Warpage  may  occur  when  the  sur¬ 
faces  of  a  hot  part  cool  unevenly.  Such  distortion  may  occur 
in  a  valve  body  which  cools  faster  on  the  outside  surface 
than  on  the  inside  Thermal  gradients  can  be  minimised  by 
using  materia's  having  relatively  high  thermal  conductivi¬ 
ties. 

Rraidital  StrcMco:  When  residual  stresses  are  relieved,  a 
part  can  charge  its  dimensions  as  much  as  several  ten- 
thousandths  of  an  inch  over  a  few  months  duration.  The 
change  may  be  an  increase  or  a  decrease  in  warping,  de¬ 
pending  on  the  machining  and  cold  working  process.  Di¬ 
mensional  changes  of  some  materials  due  to  cyclic  cooling 
and  heating  are  given  in  Table  13.5.2.3b.  Holding  parts  at 
temperature  for  long  pe-iods  of  time,  and  temperature 
cycling  to  subsero  temperatures  are  methods  used  to  alle¬ 
viate  residual  stresses  in  p  rts. 


Microatrnctnro  Chruipca:  Metallurgical  changes  have  been 
the  cause  of  many  mechanical  failures.  Constant  tempera¬ 
ture  changes,  such  as  precipitation  in  an  age-hardening 
alloy  or  transformation  of  an  unstable  phase,  may  cause 
large  dimensional  changes,  resulting  in  seisure  of  moving 
parts  and  failure  of  the  component.  A  common  example  of 
metallurgical  change  is  in  the  quench-nardenable  steels, 
where  any  retained  austenite  transforms  to  martensite. 
Martensitic  transformation  produces  large  dimensional 
changes  causing  steel  to  grow  as  much  as  140  X  10  "  inches 
per  inch  f->r  each  volume  percent  of  austenite.  If  an  ap¬ 
preciable  amount  of  unstable  austenite  is  retained  in  a  heat- 
treated  part,  further  cooling  to  subsero  temperatures  will 
induce  dimensional  changes  long  after  the  part  is  in  service. 
High  carbon  and  high  alloy  steels  may  retain  austenite, 
whereas  low  carbon  and  low  alloy  steels  do  not.  An  alloy 
steel  should  be  stabilised  by  quenching  several  times  from 
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( kefwows*  1 O-lf) 


ML 

w  w 

SKMBL&R 

SjrJpSw 

ft 

Mg 

Light  alloys 
1200 

880 

rr 

A1 

12M 

880 

M 

Ti 

2100 

1200 

48 

Fe  (Mart.) 

Fuperalleys 

2000 

I860 

58 

F*  (Aust) 

2200 

1800 

88 

Nt 

1460 

1900 

78 

Co 

27M 

1000 

74 

Cb 

Refractory  alloys 
*  4470  2200 

84 

Mo 

4700 

MOO 

60 

W 

8170 

2560 

45 

•wttteunda  lt.MO  p*|  for  1M  hwir* 

tPcfWRt  uf  shwlwto  mWw  sole*  at  which  dby  to  acetal 


TftM*  ll.tj.lt.  Maximum  torvte*  Tempore***  of  ItaaMct 


lltopr'.nt*a  with  ptrmlttton  from  Mato/ Imlt  Se/eefor  (Hue,  "Moto/lot* 
In  Doolon  (nfinecr/ne."  vof.  M,  no.  9.  miJ-Oclooer  1999,  p.  34,  Copy- 
rifM  1M9  by  PolnhoM  hubllthlng  Co/p.,  Now  York) 


_ fcATCMAL _ HWH 

Butadiene-acrylonitrile  foams .  210 

Rubber  hydrochloride  (Um .  205 

Acrylics  . 200 

Polystyrenes,  glaas-Alled .  200 

PVC-nitrile  rubber  blend  Aim .  200 

Urethane  foam*,  flexible .  200 

ModiAed  polystyrenes .  190 

Acetal  .  186 

Polystyrene  foamed-ln-plact.  rigid. , . ,  185 

Natural  rubber  .  180 

Neoprene  foams  .  180 

Polystyrenes.  GP  .  180 

Polyvinyl  chloride  film,  non  rigid .  180 

Styrene-butadiene  rubber  .  180 

Epoxies  (cast),  GP .  175 

Prefoamed  polystyrene,  rigid .  175 

Polyvinyl  formal .  165 

Butadicne-styrenc  foams .  160 

Natural  rubber  foam .  160 

Cellulose  nitrate .  140 

Epoxies  (east),  resilient .  122 

Polyvinyl  butyral  .  115 

Preformed  cellulose  acetate,  rigid  ...  3f»0 

Alkyds,  GP .  345 

Alkyds,  elec  .  300 

Allyls  u-ast)  .  300 


Butyl  ruSbar  .  t00  — 

Dlallyl  phthatete,  ar Ion-Ailed .  MO  — 

Nytoaa  68  and  010  .  000  225 

Phenolic  foamed -In- place,  rigid .  000  — 

Polypropylaoe  Aim .  000  — 

Rubber  pbenolkj  .  000  111 

Plastics  laminate*,  CP  . . .  .  216  245 

Polyester  (cant),  rigid .  M5  148 

Polyviayllden*  chlorMa  Aim .  M0  — * 

Mslamin**,  fabric  Alled .  250  — 

Melamines,  shock  r*s . . .  180  — 

Nitrite  rubber  .  180  — 

Nylons  4  and  11  .  280  M0 

Polyethylene  Aim  .  200  M0 

PolysulAdo  rubber  . 280  — 

Neoprens  rubber .  240  — 

Ursthane  rubber .  240  — 

Polyvinyl  chloHdo .  220  140 

Mothylstyronos  .  212  210 

Vinylidene  chloride  .  212  170 

Molaminos,  GP  .  2i0  — 

Silicones  (molded)  .  >700  >800 

TFEAlm  .  686  6M 

Silicon*  rubber  .  680  — • 

Plastics  laminates,  low  prossuro .  500  250 

TFE  fluorocarbons . 500  — 

Polyester  Aim  .  400  — 

Dlallyl  phthalate .  450  800 

Fluorinatod  acrylic  rubber . .  450  — 

Phenolics,  shock  and  ht  res .  450  250 

Viten  rubber .  450  — 

Celluloslc  Alms  .  400  140 

Epoxies  (cast),  ht  rss .  400  — 

FEP  Auorocarbcns  ...  .  400  — ■ 

Melamines,  glass-Alled .  400  800 

Nylon,  glass-Alled .  400  800 

Phenolics  (mold  ed) ,  shock  and  heat . . .  400  880 

Plasties  laminates,  elec . 400  140 

Urethine  foamed-in-p)ac*,  rigid .  400  — 

CFE  Aim .  805  800 

Melamines,  cellulose  or  mineral-filled. .  896  206 

CFE  fluorocarbons .  880  — 

Nylon  6  Aim .  8o0  — 

Alkyds,  high  atr . 850  — 

PhcnMics  (molded),  GP  .  850  800 

'V,lu«  ropMwnt  hl*h  and  low  il<tr«  o I  a  ran**  of  tovift  valua*. 

high  to  subsero  temperatures  to  insure  all  tha  austenite  is 
stabilised.  Valve  seats  r^d  poppets  fabricated  from  austen¬ 
itic  or  semi-austenitic  stainless  steels  with  room  seating 
surfaces  lipped  at  room  temperature  have  resulted  in  leak¬ 
age  problems  at  cryogenic  temperatures  duo  to  martensitic 
transformation  and  subsequent  dimensional  change*.  A 
solution  t?  such  a  situation  ia  temperature  cycling  prior  to 
Anal  Upping  to  insure  no  fu  *ther  dimensional  changes. 


13.5.2  10 


ISSUED:  MAV  19*4 


ENVIRONMENTS 


COEFFICIENT  OF  TK8MML 


Tafcdn  1S.SJSJ*.  CwtBekrt  et  Tlwmml  tiptmliH* 

to 


!**prH>ttd  with joofm/titon  from  Mtfrmtt  Svfseier  fuwe,  "WsfwWV  m  tntUmtma,"  w.  M,  no.  I, 

mMeMrr  ImTo,  »ifc emmdhf  >9**  jylwnhoW  mJbtfstMns Co»o,  kSTVaki 


MATUSAL 

HIGH 

LOW 

Plltawse  rubber . 

670 

Nitrile  rubber . . . 

890 

*T  -  mens  rubber  . 

840 

— s 

■  yl  rubber . 

380 

— « 

Polypropylene  . 

170 

— 

Polyetnylenea,  medium  and  high  density 

167 

88 

Folyothytenes,  lew  density  . . . 

no 

89 

Vinyl!  dene  chloride  . . . 

<17.8 

— 

Nylons  8  and  11  . . 

71 

46 

Fhoaoltcs  (cast) . 

66 

83 

Nyteas  68  and  810 . 

65 

TFI  fluorocarbons . 

65 

— 

Acrylics  and  epoxies  (east)  . . 

60 

80 

CF1  fluorocarbons  . 

88.8 

— 

Filkoar*  (melded) . 

884 

4.6 

PbenoUcs  (molded)  . 

86 

8.3 

Zinc  and  Its  alloys' . 

19.8 

10.8 

Nyk  i,  glaaa-tllled . 

17 

18.5 

Lead  and  its  alleys’ . 

16.6 

14.4 

Magnesium  alloys* . 

16 

14 

Epoxies  (melded)  . 

14 

— 

Aluminum  and  its  alloys*  .... 

18.7 

11.7 

Tin  and  Its  aiioys* . 

•  •  S  4  •  l  4  S 

13 

— 

Tin  and  aluminum  braseas*  . . 

114 

104 

Plain  and  laadsd  brasses*  .... 

11.6 

10 

Silver*  . 

10.9 

— 

Cr-NI-F*  superalloys4 . 

10.6 

94 

Stainless  ateela  (cast)4 . 

10.4 

6.4 

Tinbroaues  (ca«t)* . 

10.3 

10 

Auatentk  stainless  ateela*  . . . 

10.8 

9 

Phosphor  silicon  broncos*  .... 

10.8 

9.6 

Coppers* . 

HI 

— 

NtdMlAai*  superalloys* . 

94 

7.7 

MA1IMAL  lifllA  IMF 

Aluminum  bmnm  (<*ast)v .  9.5  • 

Cobalt-bose  supsralloys4 .  9.4  34 

Derylllum  copper'  .  9.3  — 

Cupio-nick«l*  end  nickel  silvers' .  9.8  9 

Nickel  and  its  nlloys4 .  9.8  6.8 

Cr-Ni-Co-Fe  superc Mojs'1 .  9.1  8 

Alloy  steels'* . . .  8.6  it 

Carbon  f rsc-cuttirg  steels4 .  8.4  8.1 

Alloy  steels  (cast)4 . . .  8.3  8 

Ago  hsrdtnabl*  stainless  stools* .  8.8  6.6 

Gold* .  *1.9  — 

High  temperature  steels4 .  7.9  64 

Titanium  carbide  cermet4  .  7  5  44 

Wrought  irons'  . . . .  7.4  — 

Titanium  and  itc  alloys4 .  T.l  4J 

Cobalt4  . .  €.8  — 

Martensitic  stainlesa  steels* .  6.6  6.6 

Nitriding  ateela4 . . .  6.6  — 

Ferritic  stainless  steels* .  6  64) 

Gray  irons  (cast)* . .  8  — 

Low  expansion  nickel  alleys*  .  6.6  1.6 

Columbium  and  its  alloys  . .  4.1  34 

Titanium  carbide4  .  4.1  — * 

Tungsten  carbide  cermet* .  3.9  8  6 

Alumina  ceramic' .  8.7  8.1 

Zirconium  and  its  alloys4 .  3.6  3.1 

Molybdenum  and  *.ts  alloys .  8.1  8.7 

Borosilicate  glasses*  .  8.6  14 

Aluminum  silicate  giass' . . .  2.3  — 

Tungsten4  . . .  2.2  — 

Invar  (free  cutting)  . .  0.8  -• 

Silica  glasses* .  0.5  04 

Silica,  vitreous*  .  0.88  — 


•VakMS  wiwia*  hioh  oat  Imr  lUe  e C  »  !*.«*•  at  mini  nhw.  Vale*  'VshM  (or  •  Uauxraturv  ttnn  Utwnn  room  Umporaturv  and  212-750  P. 

far  MtnUi  sis  far  s  rsaea  af  trunslw  Satwaas  —  tt  and  *V*Ju«  for  a  tm.pava'.ur*  rmn#»  room  tampamtumanij  1000-lMS  V, 

Nr  (  AJTM  DSM) .  •  Valua  for  a  tmparnlvra  ranta  hatararn  room  tamparatuiv  and  2100.1*71  P. 

aVokm  at  mm  Oaiam tarn  nnlp. 


Strsssss  Due  to  JCxUrnally  Restrained  Parts.  When  a  part 
ia  heated  uniformly,  with  tho  edges  rigidly  supported  or 
damped,  free  expansion  of  the  part  is  prevented  and 
stresses  arc  induced.  The  linear  expansion  due  to  tempera¬ 
ture  dungs  is 

(Eq  13.844a) 

AL  ~  a  (AT)  L 

where  aL  total  incre*  'e  (or  decrease)  in  length,  in. 
a  —  coefficient  of  liuoar  expansion,  in.  per  in.  per  *F 
AT  *■  change  in  temperature,  *F 


L  "  original  length,  in. 

If  the  member  is  clamped  eo  it  cannot  expand  (or  contract) , 
the  effect  is  the  same  as  though  a  compressive  force  is 
applied  of  sufficient  magnitude  to  produce  a  compression 
(or  tension)  of  AL  inches.  The  stress  is  given  by 

(Eq  13.8XLa) 

<r  ~  E  =  aE  (AT) 
where  E  is  the  modulus  of  elasticity  . 
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Table  MMkfJfc  Ptomttonaf  Ommm  ffi  Malgffffin 
MflfftyalMftamMO  rta  -iqof 


tMVOMhl 

MMIMQilAt  CMAMB 

1020  steel,  annealed 

11  X  10'*  in./in. 

4140  steel,  annealed 

+6 

4440,  Re  M 

-MO 

62100,  Re  04 

+  15 

402  stainless  steel,  quench-anneakd 

40 

SOS  stainless  steel,  stress-relieved 

15 

Invar,  stress-relieved 

10 

Invar,  cold  drawn 

-20 

2024-T6  aluminum 

+  15 

70T6-T0  aluminum 

-20 

Ti  75A  titanium 

+20 

Thermal  itrttm  mar  occur  in  cylindrical  sheila  whan  thare 
ia  a  temperature  gradient  in  the  .adial  direction.  If  the 
edges  are  assumed  damped  and  nt  large  distance?  from  the 
end.  the  street  ia 

(Bq  SS.MJe) 

a  E  AT 

•  ~  T  (T^T5 

where  *  is  Poisson’s  ratio. 

The  temperature  difference.  AT.  ia  likely  to  be  greater  for 
th'ck  walls  than  for  thin  ones  and,  therefore,  greater 
stresses  can  be  expected  for  thick-walled  cylinders.  Near 
the  end  of  the  shell  the  thermal  stress  is  maximum  and  acts 
at  the  outer  surface  of  the  pipe  in  the  circumferential  di¬ 
rection,  given  by 

<Cq  IS. SAM) 

uE  aT  / 1  +  vTT^  \ 

ttM'X  '  4(1  r)  V  7f  7 

For  ¥  -  O  S,  this  stress  is  approximately  25  percent  greater 
than  the  stress  in  Equation  <lS.5.2.3c).  From  this  it  is 
evident  the)  in  a  brittle  material,  if  a  crack  occurs  due  to 
temperature  difference,  AT,  it  will  start  at  the  edge  and 
proceed  in  an  axiai  direction. 

Under  a  temperature  Increase,  two  materials  having  dif¬ 
ferent  coefficients  of  thermal  expansion,  rigidly  fastened 
or  welded  together  throughout  their  length,  will  tend  to 
expand  different  amount*;  however,  must  expand  equally. 
Th->  material  having  the  higher  coefficient  will  be  subjected 
to  compressive  stresses,  while  the  other  material  will  be  in 
tension;  thereby  the  composite  part  will  assume  a  curva¬ 
ture.  This  principle  is  used  in  *h«  manufacture  of  bimetallic 
thermostats. 


Thermal  Cmpa'itM  IVitoigm,  Dm  te  dimaas'  in)  and 
physical  property  changes  la  materials  aa  a  fuasthm  of 
temperature,  techniques  for  temperature  scmpeaiatim  are 
often  required  far  fluid  rwpmwta  whish  maul  operate 
over  a  wide  temperature  range.  Cryogenic  ballistic  mtsdle 
system  j  often  require  temperature  compesuat.cn  for  noas- 
poaenU  such  aa  regutatera  and  relief  vahrea  which  rely  *a  a 
coaatant  fame  leading  tpring  far  aatlafaatory  perfeninance, 
In  »"eh  spring-loaded  components,  spring  modulus  cha.tgea 
caused  by  temperature  variation::  aan  be  eompeiisatod  for 
by  mechanically  varying  the  spring  differ*  lea,  thereby  keep¬ 
ing  the  spring  loan  constant  Tbs  load  change.  In  a  spring 
is  a  function  of  both  modulus  change  and  ifinuaslnnal 
change  due  to  thermal  expansion.  This  combined  effect  of 
modulus  and  expansion  cot  ffitient  te  calls  1  tat  thonaoelsstic 
coefficient,  or  coefficient  of  stiffness.  Borne  of  the  techniques 
used  for  temperature  compensation  Include  t 

a)  Design  for  configuration  symmetry. 

b)  Make  'wwponente  from  a  single  material,  or  several  ma¬ 
terials  having  the  same  expansion  coefficient. 

c)  Use  bimetallic  dements. 

d)  Use  gsi  expansion  or  contraction  elements. 

4 

Selection  of  compensation  techniques  is  dependent  upon 
functional  requirements,  weight  and  space  limitations,  and 
MvironiMUtUl  compatibility.  In  the  design  of  noroepaoo 
fluid  component*,  judicious  material  selection  or  use  of 
bimetallic  devices  are  the  techniques  nuwt  commonly  used. 
Methods  employing  the  vapor  pressure  liquids,  or  expansion 
of  liquids  or  gases  conflaed  in  bellow*,  are  more  bulky  and 
tend  to  be  unsuitable  for  use  la  equipment  subjected  to 
environmental  extremes. 

Where  the  .  i.nperature  range  varies  between  —SO*  and 
2Q0"P,  it  iv  often  poeoibla  to  fabricate  the  springe  from 
constant  modulus  alloys  of  which  N!  Spsr-C  is  typical.  This 
alley  exhibits  a  vtry  small  change  in  elastic  modulus  within 
this  temperature  rang*  and,  therefore,  can  be  used  directly 
in  springs,  eliminating  the  need  for  compensation.  Dimen¬ 
sions!  changes  as  a  function  of  temperature,  however,  must 
still  be  considered  with  constant  modulus  alloys  since  they 
have  a  relatively  high  coefficient  of  thermal  expansion.  For 
temperature  changes  exceeding  the  useful  range  o  *  the  con¬ 
stant  modulus  alloys,  temperature  compensation  must  be 
used.  The  constant  modulus  ailoya  ere  usually  un<  sslrabl* 
if  temperature  compensation  is  required  because  of  tht  non¬ 
linear  character  of  their  temperature  modulus  curves. 

Krr  high  spring  fats  applications  where  the  effects  of 
thermal  expansion  and  elastic  modulus  changes  are  of  the 
same  order  of  magnitude,  judicious  selection  of  materials 
can  bo  an  effective  mear.c  of  temperature  compensation. 
The  estimated  temperature  range  and  the  material  in  each 
element  of  the  spring  load  circuit  must  be  established.  The 
net  change  in  spring  length  is  then  determined.  Invar  is 
a  useful  material  for  many  applications  in  temperature- 
compensating  circuits  due  to  its  extremely  low  coefficient 
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of  expansion.  Used  In  combination  with  stcinluea  stool  or 
aluminum  alloys  having  relatively  high  coefficients  of  ex> 
pension,  significant  deflections  oro  obtrlnabls. 

Bimetallic  d tricot  art  useful  for  compensation  in  applica¬ 
tion*  Involving  iowor  apring  rates,  whtro  the  equivalent 
dimensional  affect  of  olaotie  modulus  change  la  rslktiveiy 
largo  com  pa  rod  to  tho  olfocta  of  thermal  axpanalon.  Bl- 
motV.llc  olomonta  can  he  In  a  variety  of  shapes  Including 
flat  disc,  flat  strips,  dlahod  washers,  0  shapes,  V  shapes, 
and  aplruls.  Th»  particular  shape  chosen  depends  upon  tho 
nature  of  tho  force  and/or  displacement  desired. 

Generally,  it  is  simpler  to  utilise  tho  deflection  of  the  hi- 
metallic  element  rather  than  the  force  These  elements  am 
capable  ot  providing  a  temperature  compensation  over  wide 
ranges  of  temperature.  Temperature  compensation  elements 
in  pressure  switches,  relief  valve*,  and  regulators  have 
been  successfully  employed  over  a  range  of  —  300°  F  to 
+500*  F.  Elements  are  also  available  which  will  provide 
satisfactory  compensation  over  tho  range  of  — 1W)'F  to 
4-1000‘F.  Design  of  most  bimetal  devices  is  similar  to 
spring  design,  where  the  spring  changes  configuration  with 
temperature  when  it  is  in  its  free  condition.  Because  of  tho 
complox  elastic  properties  of  such  design  and  development, 
testing  ia  required  to  fully  establish  the  characteristics  of 
a  new  design.  Catalog  data  is  available  giving  the  charac¬ 
teristics  of  commercially  available  compensating  elements. 
Tho  transient  response  of  temperature  compensators  must 
be  considered  in  some  applications.  Devices  subjected  to 
sudden  and  extreme  temperature  changes  will  operate  off 
thsir  calibration  range  until  thermal  equilibrium  is  estab¬ 
lished,  even  though  compensation  ia  provided.  If  this  be¬ 
havior  ia  unacceptable,  means  muat  be  provided  to  give 
rapid  or  equal  conduction  of  heat  to  the  active  elements. 
Such  techniques  include  keeping  messes  smell,  using  ma¬ 
terials  having  high  thermal  conductivities,  end  keeping 
heat  transfer  paths  from  tho  temperature  changing  medium 
to  the  thermally  active  elements  as  short  as  possible. 


Figure  13.8-S.9s,  Teir  perk  tore  Com  pones  tod  Pressure 
Rtgwiatore 


A  simple  temperature  compensated  pressure  regulator  is 
illustrated  in  Figure  13.5.2.3a.  In  tie  design  Ulust.ited, 
compensation  fo.-  changes  in  spring  modules  is  achieved  by 
stacking  dished  bimetallic  washers.  The  deflection  achieved 
by  the  bimetallic  elements  compensates  for  the  change  in 
spring  force  a.i  s  result  of  modulus  end  dimensional 
changes  In  the  spring 
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13.6  SPACE  ENVIRONMENTS 

154.1  THE  SPACE  ENVIRONMENT 

134.2  THE  SPACE  VACUUM 

134.2.1  Sublimation  of  Metals  in  Vacuum 

134.2.2  Plastic*  and  Elastomers  in  the  Spat* 
Vacuum 

134.2.3  Lubricants  in  the  Space  Vacuum 

13.6.2.1  Cold  Welding 

124.3  RADIATION  IN  SPACE 

H.6.3.1  Radiation  Types 
13.6.  .2  Radiation  Energy 
13 . 1.3  Radiation  Flux 

134.3.1  Radiation  Dose 
13.6.3.5  Radiation  Measurements 
13.6.34  Space  Radiation  Zones 
13.6.3.7  Radiation  Effects  on  Materials 
13.6.34  Radiation  Shielding 

134.4  METEOROIDS 

1 34.4.1  Probability  of  Meteoroid  Hits 

134.4.2  Meteoroid  Damage 

13.6.4  3  Protection  Afa'nst  Meteoroid 
Damage 

134.5  TEMPERATURE  IP’  SPACE 
1S.C.5.1  The  Space  Media 

13.6.3.2  T!  ernrtal  Sources 

14.6.3.3  Thermrl  Sinks 
U.6.5.1  Temperature  Control 

13.6.6  ZERO  GRAVITY 

13.6.7  PLANETAR/  ENVIRONMENTS 
13.64  TIME  IN  SPACE 

13.6.1  The  Space  Environment 

The  <nacc  environment  is  characterized  by  high  vr.cua  i, 
particle  and  electromagnetic  radiation,  meteoroids,  and  zero 
gravity;  the  environments  tT  planets  within  the  solar  sys¬ 
tem  represent  widely  varying  temperature  and  pressure 
extremes  and  a  variety  cf  atmospheres  and  grevitational 
•  mditions.  This  section  describes  the  environments  of  space 
and  the  planets,  and  the  effects  of  the  space  environments 
on  fluid  components. 

13.6.2  The  Space  Vacuum 

The  vacuum  of  space  consists  of  a  low-density  gas  mix¬ 
ture,  consisting  primarily  of  hydrogen  and  helium.  The 
estimated  gas  pressure  in  interplanetary  space  is  approxi¬ 
mately  10m|b  rum  Hg;  in  interstellar  space,  pressures 
lower  than  10  25  r.im  Hg  *nay  bn  encountered.  The  pres¬ 
sure  specuv  of  space  is  given  in  Table  13.6.2,  including 
gas  tempera,  .re,  composition,  and  concentration.  The 
best  vacuum  obtainable  in  a  laboratory  ranges  from  10' 10 
mnr  Hg  to  Hr1  '  mm  Kg;  however,  10"!0  mm  Hg  is  con¬ 
sidered  practice!  for  the  best  commercial  vacuum  systems. 

T!i-'  following  piohlems  of  fluid  component  design  are  asso- 
■  iatril  with  r.pcrat  on  under  high  vacuum  conditions;  subli- 
m.it  :>n  and  evnpi  ration  of  materials,  cold  welding,  friction, 

an  i  wear 


Table  134.2.  Oat  Pressure*  and  Concentration  In  ipaca 

f  Adaptec  item  "Chomletl  fng/neerfng  Progress,  Symp.  tor.)  L,  0.  JatH, 
« I.  59.  no.  40,  Copyright  1963  by  Tfit  imtrtcjn  tnstHut*  of  Chemical 
Engineers,  Maw  York) 


ALTITUDE 

PRKMUM 

(mm  Hg) 

* 

CP) 

ATOMLbR 

tONB/CNP) 

ffiy 

•oSRVon 

Sea  level 

760  -  10" 

-40to-i-106 

2.5  x  10” 

76%  N„ 
21%  O., 
1%  Ar 

100,000 

feet 

9  JO1 

-40 

4  X  10" 

N„Oi,Ar 

125  miles 

10* 

10" 

10” 

N„0, 

0„  0* 

500  miles 

10* 

101 

10" 

O,  He, 

He* 

0*,H 

4000  miles 

10” 

10" 

10* 

H  ,  H, 
He* 

14000  miles 

<10  " 

10*  to  10* 

10’  to  10* 

85%  H* 
16% 

H** 

134.2.1  SUBLIMATION  OF  METALS  IN  VACUUM.  The 
effects  of  vacuum  on  the  sublimation  rate  of  metala  can  be 
calculated  from  the  Langmuir  Equation,  assuming  that 
none  of  the  molecules  leaving  the  surface  return  to  it. 

G  =  tttWt  <■"  "*“> 

where  U  -  weight  loss  rate  per  unit  area  of  exposed 
surface,  gm  cm-’  sec-’ 

P,  —  vapor  pressure  of  metal  at  temperature  T, 
mm  Hg 

M  =  molecular  weight  of  the  metal  in  the  gaa 
phase 

T  =  absolute  temperature,  °K 

From  Equation  (13.6.2.1)  It  is  seen  that  weight  loss  rate 
increases  directly  with  increasing  vapor  pressure.  Table 

13.6.2.1  presents  a  list  of  several  metals  and  their  corre¬ 
sponding  sublimation  rates  for  different  temperatures.  Cad¬ 
mium,  which  is  often  used  for  plating  parts,  is  seen  from 
these  data  to  bo  a  poor  material  for  use  in  high  vacuum. 
Metals  that  sublimate  from  a  warm  surface  will  have  a 
tendency  to  plate  cut  on  cooler  surfaces,  possibly  causing 
electrical  shurt-circuiting,  change  of  surface  emissivities, 
or  change  in  optical  properties  of  mirrors  and  lenses.  Subli¬ 
mation  of  the  base  material  can  be  retarded  by  the  use  of 
surface  coatings  with  low-vapor  pressures,  for  example 
inorganic  coatings  sue),  as  oxides. 


1?.6.1  -i 
136.2  1 


ISSUED:  FEBRUARY  1970 
SUPERSEDES:  MAY  1964 


ENVIRONMENTS 


flitUMATOM  Of  MCTAlf 
DEHAVtOM  Of  NON-METAU 


TsMa  12*2.1. 

luMtaMtkwi  of  batata  ks  MMt  Vacuum 

ONtareoce  K-W 

•u.umr MWWH 

aa.M.1)  )* 

ELEMENT 

io  •cM/vn 
(S.M  X  10  »  IK./VID 

ic  cm/vh 

(Onoa?M  IK./VR) 

am 

Cadmium 

100 

170 

260 

610 

Zinc 

160 

260 

850 

700 

Magnesium 

230 

340 

470 

1200 

Silver 

890 

1090 

1300 

1760 

Aluminum 

1020 

1260 

1400 

1220 

Beryllium 

1140 

1300 

1640 

2880 

Copper 

1160 

1400 

1650 

1800 

Gold 

1290 

1480 

1750 

1240 

Chromium 

:sfo 

1600 

1840 

841b 

Iron 

1420 

1650 

1920 

2800 

Nickel 

1489 

1720 

2000 

2650 

Titanium 

lew 

1960 

2280 

2040 

Molybdenum 

aflfeo 

2960 

3450 

4780 

Tantalum 

3260 

3700 

4200 

640C 

Tungsten 

3400 

8900 

_ 

6260 

•To  oOTwrt  ■bbllaMtkxi  rot*  0  la  iu/ca' m  in  eai/ooc,  divide  Q  hi  dully  hi  ta/ca'. 


13.0.2  PLASTICS  AND  ELASTOMERS  IN  TSS  SPACE 
VACUUM.  Because  the  Langmuir  Equation  is  not  appli¬ 
cable  to  the  organic  materials  of  engineering  interest, 
experimental  data  of  weight  loss  of  organic  materirJa  are 
necessary.  The  weight  loss  exhibited  by  organic  polymers 
in  vacuum  is  usually  the  result  of  the  evaporation  of  rela¬ 
tively  lower  molecular  weight  fractions,  unreacted  addi¬ 
tives,  contaminants,  adsorbed  and  absorbed  gases,  moisture, 
etc.  The  loss  of  these  additives  and  contaminates,  however 
can  change  important  properties  of  the  polymers.  For  ex¬ 
ample,  the  loss  of  a  plasticiser  by  evaporation  in  a  vacuum 
environment  will  produce  a  more  rigid  or  brittle  part  with  a 
corresponding  decrease  in  elongation  and  increase  in  tensile 
and  flexure  strength.  Electrical  components,  such  as  capaci¬ 
tors,  may  change  in  value  if  the  insulating  materials  used 
in  their  construction  lose  moisture  or  other  contaminates 
which  are  trapped  during  their  manufacture. 

The  rite  of  weight  loss  at  a  given  pressure  and  temperature 
varies  as  a  function  of  time.  The  initial  weight  loss  is  usu¬ 
ally  high  and  is  due  to  the  loss  of  adsorbed  and  absorbed 
gnMb,  water,  and  other  contaminants.  During  this  stage, 
the  total  weight  loss  may  be  as  great  ar.  3  percent  for  seme 
polymers.  This  relatively  high  initial  weight  loss  will  drop 
*o  a  very  low  value  when  the  loss  of  weight  ic  due  primarily 
to  degradation  of  the  basic  polymer. 

In  general,  polymers  of  relatively  high  molecular  weight, 
such  as  Teflon,  do  not  evaporate  or  vaporise  in  vacuum,  but 
when  supplied  with  sufficient  thermal  energy  th  y  decom¬ 
pose  or  depolymerise.  These  polymers  have  such  low  vapor 


pressures  that  the  tharmal  energy  required  to  cause  evap¬ 
oration  exceeds  that  required  to  break  the  chemical  bonds 
of  the  polymer.  Many  polymers  of  engineering  importance 
do  not  sublime  or  evaporate  in  high  vacuum  environments, 
and  the  thermal  stability  of  these  polymers  should  he  at 
least  as  good  in  high  vacuum  as  in  the  earth  atmosphere. 

Weight  lose  of  several  high  purity  polymers  are  given  in 
Table  13.5.2.2.  The  weight  loss  data  ere  given  as  Id  percent 
pci  year  at  some  temperatures.  Normally  a  1  percent  or 
'?  percent  weight  loss  is  not  considered  detrimental  to  mate¬ 
rials  for  engineering  applications;  however,  10  percent 
weight  loss  can  result  in  considerable  change  in  the  engi¬ 
neering  properties  •>/  organic  materials.  Table  13.6.2.2 
snould  be  'sed  with  caution,  since  much  of  the  data  are  of 
questionable  quLsity  Teflon,  Mylar,  Viton  A,  and  Neoprene 
are  materials  which  nhow  promise  for  t.pace  v&cuut.i  expo¬ 
sures  ( Reference  331-1). 

In  general,  the  following  eight  points  should  be  noted: 

1)  High  molecular  weight  polymers  apparently  do  not  evap¬ 
orate  or  sublime  in  vacuum. 

2)  The  thermal  stability  of  these  polymers  should  be  at 
least  as  good  in  vacuum  as  in  air. 

3)  The  weight  loss  exhibited  by  engineering  plastics  in 
vacuum  is  the  result  of  the  evaporation  of  relatively  lower 
molecular  weight  fractions,  unreacted  additives,  contami¬ 
nants,  etc. 
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Table  13.6.2.2.  DocsmposWon  a*  Palymata  lit  H%h  Vacuum* 


(toprintod  with  oormitston  from  "Chemical  enainaorinaProg/toi,"  Symfi.  Sarto.  L.  0.  Jatto,  vd.  59,  no. 
40,  Copyright  1963,  Tho  American  imtltut*  of  Cnamtcaltnglnoort,  Norn  'or*) 


POLVMUC 

timpcmiiiro  ran 
taw  M«rr 

LOSS  PCR  YEAR 

QUALITY 
,  OF  DATA. 

POLYMER 

QUALITY 
.  OF  DATA* 

r 

C 

r 

e 

Acrylonitrile 

240 

120 

A 

Melamine 

880 

190 

E 

Alkyd 

200-300 

90-150 

C-E 

Methv)  a-rylate 

400-800 

40-150 

A-C 

Benxyl 

640 

280 

B 

Methyl  methacrylate 

220-890 

100-200 

A 

Butadiene 

490 

250 

B 

Methyl  pheny)  silicone 

Butadiene-Acrylonitrile 

resin 

>710 

>880 

B 

(NBR  rubbe  ) 

300-450 

150-230 

B-D 

Methyl  ,  tyrene 

350-420 

180-220 

A 

Butadiene-Styrene 

Neoprene  (ch'oroprene) 

200 

90 

C 

(3BR  rubber) 

460 

240 

B 

Nylon 

80-410 

80-210 

A 

Carbonate 

350 

180 

D 

Phenolic 

270-610 

1J0-270 

B-D 

Celluloee 

350 

180 

A 

Propylene 

870-470 

190-240 

A 

Cellulose,  oxidised 

100 

40 

B 

Rubber,  natural 

380 

190 

B 

Cellulose  acetate 

370 

190 

A 

Silicone  elastomer 

400 

200 

D 

Celluloee  acetate 

Styrene 

270-420 

130-220 

A 

butyrate 

340 

170 

C 

Styrene,  crosalinked 

440-490 

230-250 

A 

Celluloee  nitrate 

100 

40 

C 

Styrene-Butadiene 

270 

130 

C 

CPE 

490 

250 

A 

Sulfide 

100 

40 

C 

CFE-VInylidene 

TFE 

710 

380 

A 

Fluoride 

500 

260 

A 

Trivinyl  bensene 

560 

290 

A 

Epoxy 

100-4GO 

40-240 

B-C 

Urethane 

150-300 

70-150 

C 

Ester 

100-460 

40-240 

B-C 

Vinyl  acetate 

320 

160 

A 

Ethylene,  high  density 

560 

290 

A 

Vinyl  alcohol 

310 

150 

B 

Ethylene,  low  density 

460-540 

240-280 

A 

Vinyl  butyral 

180 

80 

C 

Ethylene  Terephthnlate 

Vinyl  chloride 

190 

90 

A 

!  Mylar,  Dacron) 

400 

200 

A 

Vinyl  fluoride 

460 

240 

B 

Isobutylene 

400 

200 

B 

Vinylidene  fluoride 

610 

270 

A 

Isobutylene-Isoprcne 

Vinylidens  fluoride- 

(Butyl  rubber) 

250 

120 

D 

Hezafluorrpropene 

490 

250 

A 

Isoprene 

380 

190 

3 

Vinyl  toluene 

400 

200 

B 

Linseed  oil 

200 

90 

C 

Xylene 

540 

280 

B 

*  Biwd  cm  data  in  the  literature  aa  tabulated  by  Jaffa  and  Rittanhouaa 
kAU  temperature  valuaa  are  approximate 
"  le  d'  acandin*  order  of  '■uaiity  from  A  to  E 


desirable  properties  should  be  preconditioned  in  vacuum 
at  elevated  temperature  to  reduce,  as  much  as  possible,  the 
potential  loss  of  the  material  to  space. 


4)  Weight  loss  rate  and  amount  of  weight  loss  are  greatest 
early  in  the  test  period  when  the  materials  at  or  near  the 
surface  evaporate.  These  loss  factors  decrease  subsequently 
to  a  rate  determined  principally  by  diffusion  rates  through 
the  polymer  to  the  surface. 

r>)  Rigid  plastics  are,  in  general,  preferred  over  flexible, 
elastomeric  materials. 

6)  Materials  with  minimum  number  and  quantity  of  addi¬ 
tives  a*u5  modifiers  are  preferred. 

7)  Complete  cure  of  the  plastics  must  be  obtained  by  ex¬ 
tended  time  and/or  elevated  temperature  post-curing  to 
ensure  the  elimination  of  unre.-xeted,  low  molecular  trac¬ 
tions  in  the  product. 

8)  Those  materials  exhibiting  high  loss  rates  but  consid¬ 
ered  necessary  for  use  on  space  vehicles  because  of  special 


13.6.2.S  LUBRICANTS  IN  SPACE  VACUUM.  Conven¬ 
tional  lubricants  are  generally  not  suitable  for  use  in  the 
space  vacuum  because  of  their  high  vapor  pressure  which 
•vaults  in  loss  of  fluid  by  evaporation.  Even  if  the  rate  of 
evaporation  of  a  fluid  lubricant  is  acceptable,  the  vapors 
may  condense  on  cooler  surfaces  ruch  as  lenses,  relay  con¬ 
tacts,  or  ether  sensitive  components  essential  to  the  opera¬ 
tion  of  tiie  equipment  within  the  spacecraft.  Other  problems 
associated  will,  using  a  lubricant  in  a  vacuum  are  (1)  the 
absence  of  oxygen  —  essential  to  forming  a  metallic  soap, 
and  12)  poor  thermal  conductivity  due  to  the  abaence  of 
convective  gases,  resulting  in  high  thermai  gradients  due 
to  friction.  Also,  the  lack  of  absorbents  in  space  wi!!  prevent 
the  uae  of  such  bearing  materials  as  graphite,  which  de¬ 
pend  on  absorbed  water  vapor  for  its  lubricating  properties. 
The  Droblem  of  vacuum  lubrication  is  treated  in  Detailed 
Topic  6.8.2.6. 
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13.6.2.4  COLD  WELDING.  Cold  voiding,  often  referred  to 
m  preouro  bonding,  map  be  defined  at  the  joining  of  two 
solid  metallic  elements  without  the  ii*e  of  heat  to  produce 
a  iiouid  or  melt  phase  at  the  interface.  I>.  the  earth's  atmos¬ 
phere,  metal  parts  possess  a  natural  surface  oxide  costing 
and  their  surfaces  are  normally  contaminated.  The  detailed 
mechanisms  involved  in  cold  welding  of  metallic  elements 
is  at  present  not  well  understood;  however,  it  is  generally 
accepted  that  the  surface  contamination  and  oxide  layers 
play  an  important  part  in  preventing  bonding  of  mateiials 
in  static  or  dynamic  contact. 

Solid  metal  surfaces  ore  normally  neither  perfectly  clean 
nor  perfectly  smooth.  Under  normal  atmospheilc  condi¬ 
tions,  oxygen  molecules  are  adsorbed  and  react  with  the 
metal  atoms  to  form  oxides.  On  top  of  this  oxide  layer  a 
condensed  adsorbed  moisture  layer  is  formsd.  Ths  moisture 
layer  varies  in  thickness  with  the  relative  humidity  of  tho 
atmosphere.  Those  surface  layers  are  often  referred  to  as 
surface  contaminants,  illustrated  in  Figure  13.6.2.4. 
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Figure  13.6.2.4.  A  Solid  Surface  Skewing  the  Oxkte  Layer  and 
Adsorbed  Liquid  Contaminants 


The  conventional  process  of  welding  two  metals  requires 
heat  in  sufficient  quantity  to  remove  the  surface  oxide  lay¬ 
ers  and  reduce  the  metal  at  the  interface  to  a  liquid  phase. 
It  should  be  noted  that  the  liquid  phase  does  not  promote 
the  joining  of  two  metals  but  only  allows  complex  contact 
of  the  surfaces.  It  is  only  the  removal  of  tho  surface  oxides 
that  allows  the  metals  to  be  joined. 

If  the  oxide  films  removed  from  the  metal  surfaces  are 
not  quickly  replaced,  the  metals  will  cold  weld  when  in 
static  or  dynamic  contact.  Because  surfaces  are  not  per¬ 
fectly  smooth,  the  real  area  of  contact  between  parts  is 
limited  to  the  contact  of  surface  asperities.  Under  the  high 
bearing  pressures  that  can  occur  at  these  points,  brittle 
oxide  layers  are  fractured  because  they  cannot  confo.m 
to  the  changing  surface  contours.  If  the  metal  surfaces 
remain  free  of  contaminants  (oxides,  moisture,  etc.)  metal- 
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to-metal  contact  occurs  and  a  metallic  junction  ia  formed. 
Continued  removal  of  oxide  layers  eventually  results  in 
appreciable  welding,  and  seizure  of  the  parts  may  occur. 

Under  vacuum  conditions,  adsorbed  moisture  cannot  exist 
on  a  surface  and  oxide  layers  may  be  removed  by  sublima¬ 
tion.  Other  removal  mechanisms  include  the  removal  of 
surface  films  by  mirmmeteorofd  ero-ion  and  sputtering  (see 
Sub-Topic  13.6.4).  At  present,  data  on  these  removal  mecha¬ 
nisms  are  limited  or  unknown. 

Although  there  is  little  useful  design  data  on  cold  welding, 
limited  experimental  results  indicate  that: 

a)  The  degree  of  cold  welding  may  be  a  function  of  solubil¬ 
ity  between  mating  materials  as  indicated  by  phase  dia¬ 
grams.  The  results  of  one  investigation  of  various  clean 
metals  coupled  under  si r  tic  pressure  in  a  vacuum  showed 
joining  of  the  following  soluble  couple  :  iron/aiuminum, 
copper /silver,  nickel /copper,  and  nickel /molybdenum. 
No  joining  occurred  between  the  following  insoluble 
couples:  copper/molybdenum,  silver/molybdenum, 
silver/iron,  and  silver/nicKel  (Reference  286  2). 

b)  Hard  materials  which  have  good  wear  reHstance  also 
show  resistance  to  cold  welding.  Limited  data  on  52100 
steel,  a  common  ball  and  roller  Hearing  material,  indi¬ 
cates  that  this  material  is  relatively  resistant  to  cold 
welding  in  a  vacuum.  (Reference  131-22.) 

c)  Although  some  matr rials  are  less  susceptible  to  cold 
welding  th«n  otners,  it  is  advisable,  whenever  possible, 
to  provide  lubrication  when  sliding  surfaces  are  exposed 
to  vacuum  conditions. 

13.8.3  Radiation  ir.  Space 

Radiation  may  be  defined  as  the  emission  and  propagation 
of  energy  through  either  space  or  a  material  medium.  The 
space  radiation  environment  is  composed  of  cosmic  rays, 
electromagnetic  radiation.  Van  Allen  Belt  radiation,  curotal 
particles,  and  solar  flare  particles. 

13.6.3.1  RADIATION  TYPES.  Radiation  types  may  be  gen¬ 
erally  classified  as  either  ilectromagn-stic  (rero  rest  mass) 
or  particulate  (finite  rest  mas;,).  Eloctromuf  uetic  radia¬ 
tion  includes  ultraviolet  light.  X-rays,  and  gamma  rays 
(photons).  Particulate  radiation  consists  of  electrons,  pro¬ 
tons,  neutrons,  alpha  p.  rticles,  and  a  small  number  of 
higher  atomic  number  particles.  These  particles  are  defined 
as  follows: 

Alpha  Particle  (a):  a  positively-charged  particle  identical 
to  all  properties  of  the  nucleus  of  a  helium  atom,  consisting 
of  two  p  ’otons  and  two  neutrons. 

Beta  Particle  (p):  a  negatively  or  positively  charged  elec¬ 
tron  emitted  from  a  nucleus  with  an  energy  range  of 
approximately  1  Mev. 

Electromagnetic  Radiation :  radiation  having  wave  lengths 
from  approximately  10  ’  to  10  "  cm. 
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Photon  •  the  generic  term  t or  high  energy  electromagnetic 
radiation.  Photons  of  nuclear  origin  are  called  gamma  rays, 
and  photons  of  atomic  origin  are  called  X-r*y*.  Photons 
have  wavetike  properties,  but  occur  as  discrete  energy 
pulses.  The  energy  of  a  photon  is  inversely  proportional  to 
its  wave  length. 

Bremsttrahlunj  the  secondary  radiation  induced  by 
charged  particles  which  a>t  accelerated  by  anotht' 
charged  particle  such  as  a  nucleus.  The  Bremsstrshlung 
photons  are  X-rays  having  energies  near  that  of  high 
energy  electrons,  but  which  are  more  penetrating  than  the 
electrons  themselves.  Also  called  f-ea fru  radiation 

Cosmic  Rays :  high  energy  particles  or  electromagnetic  ra¬ 
diation  originating  in  interstellar  space. 

Electron  («):  an  elementary  particle  of  rest  mass  m  -■ 
0.107  X  10  J'  grams,  and  a  charge  of  4.802  X  10  stat- 
coulomb;  its  charge  may  be  positive  or  negative.  A  negative 
electron  is  calleo  a  negatron.  but  the  term  electron  is  often 
used.  A  positive  electron  is  called  a  positron.  Negative  elec* 
trons  occurring  in  space  are  designated  by  e  . 

Gamma  Ran n  (y):  electromagnetic  radiation  having  wave 
lengths  from  appioximately  10  '  to  10  "  cm.  Gamma  rays 
are  highly  penetrating,  end  are  emitted  by  a  "ucleus  in  its 
transition  from  a  higher  to  a  lower  energy  state. 

Proton  (/>'):  a  positively  charged  particle  of  mass  number 
1  and  a  charge  equal  in  magnitude  to  the  elect!  -r„  it  is  the 
nucleus  of  u  hydrogen  atom. 

X-Ray.  electromagnetic  radiation  having  wave  lengths  o* 
approximately  10  '  cm.  X-rayr.  are  highly  penetrating  and 
are  usually  formed  by  bombarding  a  metallic  target  in 
a  high  vacuum  with  a  particle.  X-rays  are  often  called 
Roentgen  rays. 

11.8.3.2  RADIATION  ENERGY.  Radiation  energy  terms 
are  defined  as  follows: 

cc  (electron  volt):  unit  of  energy  necessary  to  accelerate 
a:i  electron  across  a  potential  difference  of  one  volt 
(equivalent  to  1.6  x  10‘,Jergs). 

ker:  thousand  electron  volts. 

M-  <  .  million  electron  voltr. 

Her:  billion  electron  volts. 

Hard  and  Soft:  designate  ns  for  approximu  ■  v.t sn  ener¬ 
gies.  Hard  X-rays  have  energies  greater  tl  -veral  kev 
and  have  great  penetration,  while  soft  X  a.-’  lower 

energies  and  are  less  penetrating. 

13.6.3.3  RADIATION  FLUX.  Radiation  fl-  .  n*  are 
defined  as  follows: 

Phis:  Rux  defines  the  nutnbe>-  of  particles,  photons,  or 
or, orgy  passing  through  a  given  area  in  a  specified  time, 
usually  given  in  particles 'em2  sec,  photons  env  se-',  or  Mev/ 
cm  sec  Flux  may  also  be  specified  in  terms  of  the  number 
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of  particle*  per  unit  time  pawing  through  an  araa  on  the 
surface  of  a  sphere  enclosed  by  a  solid  angls.  Ths  units  ars 
partlchs/cm3  sec  stsradlan  where  a  steradian  is  defined  as 
ths  solid  angle  which  encloses  a  surface  on  a  sphere  equal 
in  area  to  the  radius  of  the  sphere  squared. 

Integrated  Flax:  the  total  partlcles/cm’  in  any  given  time 
reriod. 

Omnidirectional  Has:  the  number  of  particles  of  s  particu¬ 
lar  type  that  would  transverse  a  tesw  sphere  of  one  cent’, 
meter  square  cross-sectional  area  in  one  second  (particles' 
cm’  sec). 

I’nidirrrtional  Flax:  the  flux  arriving  at  a  test  sphere  per 
unit  solid  angle  from  any  particular  direction  having  units 
of  particles 'cm2  sec  steradian.  If  the  inc  lent  radiation  is 
isotropic,  the  unidirectional  dux  equals  the  omnidirectional 
flux  divided  hy  4r  (there  are  4*  steradlans  in  a  sphere). 
\  flux  ot  particles  incident  cn  a  plain  surface  is  one-fourth 
the  omnidirectional  flux,  or  is  equal  to  the  unidirectional 
flux  divided  hy  Ifiv.  The  results  of  laboratory  radiation  dam¬ 
age  experiments  are  usually  quoted  in  units  of  particles/ 
cm’  required  to  produce  some  effect  in  a  given  sample.  To 
obtain  the  omnidirectional  flux  corresponding  to  a  labora¬ 
tory  flux,  the  laboratory  flux  nhould  be  multiplied  by  fo  ir. 

13.6.5.4  RADIATION  DOSR  Radiation  dosage  can  be  ex¬ 
pressed  either  in  terms  of  the  exposure  dose,  which  is  a 
measure  of  the  radiation  field  to  which  a  material  is  exposed, 
or  in  tei  mn  of  the  absorbed  dose,  which  iB  a  measure  of  the 
energy  absorbed  by  the  radiated  materiel. 

Adsorbed  dose  units: 

Erg/ gram:  the  energy  expressed  in  ergs  absorbed  by 
a  gram  of  the  irradiated  material. 

Rad:  an  absorbed  dose  define*.-  as  100  ergs  of  radiation 
energy  of  any  type  absorbed  per  gram  of  any  irradiated 
material. 

Exposure  Dose  Units: 

i/oentgen  (r):  an  exposure  dose  defined  as  the  quantity 
of  X  and  gamma-radiation  which  will  pioduee  one  electro¬ 
static  unit  of  electrical  charge  in  1  cc  of  dry  air  at  standard 
conditions  of  temperature  and  pressure.  This  amount  of 
energy  gives  an  absorbed  dose  of  87.7  ergs  of  energy  per 
gram  of  air. 

er p8/ grant  carbr\,  ergs/ gram(C } :  an  indirect  measure 
of  a  gamma  radiation  field  based  on  an  absorbed  dose  using 
carbon  as  a  standard.  One  roentgen,  r,  of  gamma  rays  is 
equivalert  to  approximately  87.7  ergs 'gram  carbon. 

Dose  Rate:  the  rate  of  energy  delivered  or  absorbed, 
e.g.,  r/month,  r/year,  rad/day. 

13.6.5.5  itADIA  i’ION  MEASUREMENTS.  Flux  measure¬ 
ment  and  dose  measurement  are  outlined  as  follows: 
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Flax  NtutniMit.  Radiation  flux  Measurements  arc  mad* 
with  particle  senecra  which  depend  on  the  conversion  of 
radiation  ioniaatloi:  to  an  electrical  signal.  Varioua  typed 
of  particle  defector*  and  their  appilcationa  are : 
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Light 
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the  20  key  to  1  Mev  ran#*-  The  outer  belt  eatenda  about 
8000  to  37,000  mile*,  where  the  region  of  high  Intenaity  la 
at  10,000  t  <  15,000  miles  and  up.  Thin  belt,  tailed  the  soft 
belt,  consists  primarily  of  electrons  from  20  kev  to  ft  Mev 
and  some  proton  over  60  Mov.  The  Isointensity  contours 
for  electrons  and  protona  based  on  data  from  Explorer  12 
are  shown  in  Fiirure  13.6.3.8. 
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Deoe  Measeremeat.  Radiation  dosimeters  measure  the  total 
exposure  to  ionising  radiation.  Four  types  of  dosimeters 
and  their  dose  ranges  are: 


Photographic  films 

Plastics 

Glasses 

Chemical  dosimeters 


lC*--10**r 
10*  — 1<P  r 
10  -10’ r 
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Figure  13.6.3.6.  Isointensity  Contours  for  Electrons  and 


(Based  on  Oafs  from  Explorer  13.  To  some  extent  th<s  distribution  vines 
with  lime.  From  "Space! Aeronautics."  i‘.  L.  Boiuuet,  Jr..  Ma y  1963, 
Copt  right  1963  by  Conover  Mast  Publications,  Inc.,  New  York.) 


Radiation  dosages  in  the  belts,  including  the  energy  pene¬ 
tration  to  a  given  depth  or  range,  are  presented  in  Table 
13.6.3.6. 


13.6.3.6  SPACE  RADIATION  ZONES.  The  space  radiation 
environment  is  characterised  by  the  earth  radiation  sons 
(Van  Allan  Belts),  the  auroral  sone,  and  the  interplane¬ 
tary  tone.  Types  of  radiation  found  in  space  include 
electrons,  protons,  cosmic  rays,  and  electromagnetic  radia¬ 
tion,  consisting  of  ultra-violet  rays.  X-rays,  and  gauma 
rays. 

Geomagnetic  Coordinates.  Normally,  it  is  convenient  to  plot 
the  radiation  intensity  in  the  earth’s  radiation  sone  in  geo¬ 
magnetic  rather  than  geographic  coordinates.  The  origin 
of  these  coordinate  systems  coincide,  but  the  geomagnetic 
axis  is  tiltei.  by  11.6  degrees  with  respect  to  the  axis  of 
rotation  of  the  earth. 

The  Earth  Radiation  Zone.  The  earth  radiation  sone  is  char¬ 
acterised  by  magnetically-trapped  electrons  and  protons. 
This  sone,  often  refaired  to  as  the  Van  Allen  Belts,  is 
made  up  of  two  sncentric  belts,  the  inner  belt  and  the 
outer  belt.  The  inner  belt  extends  approximate, y  4000 
miles,  with  into  tsity  reaching  a  maximum  at  1800  to  2000 
miles  above  the  geomagnetic  equator.  The  inner  belt  is 
sometimes  referred  to  as  the  hard  belt,  and  contains  high 
energy  protons  of  energies  to  700  Mev,  with  electrons  in 


The  Auroral  Zone.  The  auroral  sone  is  located  between  ap¬ 
proximately  60  and  6ft  degrees  geomagnetic  latitude.  The 
auroral  displays  are  produced  by  low  energy  (less  than 
200  kev)  electrons  entering  the  atmosphere.  Protons  may 
also  be  present.  The  auroral  particles  are  easily  stopped 
ar.d,  consequently,  do  not  present  a  serious  radiation  prob¬ 
lem. 

The  'nterplanetar)  Zone.  Radiation  in  interplanetary  space 
consists  of  an  i  nergetic  cosmic  flux  and  pulses  of  radiation 
associate  t  with  solar  flares.  The  distribution  and  frequency 
of  the  sc’ar  flares  follow  the  well  known  eleven  year  sun 
poi  cycle.  The  large  .it  flares,  consisting  of  relativistic 
<Be.  ’  protons,  are  extremely  rare;  orlv  nine  have  been 
observed  ;n  the  lost  28  y-'RrE.  'the  sm&qes*  flares  occur  as 
o  ten  as  eight  ti  nes  per  day  In  addition,  to  these  sources 
o*  interplanetary  radiation,  there  also  exists  a  continuous 
ejection  of  low  energy  particles,  primarily  protons  and 
electrons  irons  the  sun,  known  as  the  solar  wind.  The 
distribution  of  the  sdar  wir  '  particles  is  believed  to  obey 
the  inverse  squssre  l  <w  with  the  sun  acting  as  a  point 
source. 
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Cosmic  toy  a  of  galactic  origin  conaiat  «f  proton*  (—98 
percent)  nnd  alpha  » article*  (—7  jwreent)  along  with 
amallor  amount*  of  heavier  element*.  The  energy  of  the 
proton*  ia  in  the  ranpe  of  .VN)  Mev  to  20  Rev.  Although 
energies  are  quite  high,  the  free  space  flux  of  particle*  i* 
2.5  particlea/cm*  tec.  Since  this  flux  i*  small,  radiation 
damage  due  to  cosmic  rays  usually  need*  to  be  considered 
only  in  very  Iona  space  flights. 

Radiation  dosage*  in  the  interplanetary  acne,  including 
the  solar  flarsa  and  cosmic  rays,  are  presented  in  Table 
18.6.8.6.  The  values  given  represent  the  approximate  range 
or  depth  of  penetration  in  materials,  including  the  effect 
of  shielding  materials. 

18.6.8.7  RADIATION  EFFECTS  ON  MATERIALS.  An 
Important  factor  in  determining  the  effect  of  radiation  on 
materials  is  the  rang*  or  penetrating  power.  Particles  a-e 
lesr.  penetrating  than  photons,  and  particles  which  are 
highly  charged  and/or  relatively  large  are  less  penetrating 
than  electrically  neutral  and/of  relatively  small  particle. 
Gamma  rays  or  X-rays  ate  highly  penetrating,  while  alpha 
particles  which  are  relatively  massive  and  highly  charged 
penetrate  only  a  small  distance  before  stopping.  The  com¬ 
parative  penetrating  power  of  various  type*  of  radiation 
at  different  energy  levels — in  terms  of  penetration  depth 
through  a  gas  (air),  liquid  (water),  and  a  solid  (alumi¬ 
num) —  is  listed  in  Table  13.6.3.7a.  For  charged  particle*, 
the  penetration  range  listed  in  Table  13.8.S.7s  is  the  thick¬ 
ness  required  to  reduce  the  intensity  essentially  to  sero. 
For  gamma  ray*,  the  thickness  is  that  required  to  reduce 
the  intensity  to  half  the  incident  value. 


Table  13.6.3.*  a.  Comparative  Penetrating  Power  of 
Charged  Particles 
(Hetiranc*  13 1 -9) 


RADIATION 

TYWE 

■NKRUY 

(Mev) 

PKNK1  RATING  RA.4CE 

CINCHCt) 

AIR 

WATCR 

ALUMINUM 

Alpha 

1 

0.2 

0.0002 

0.0001 

10 

0.01 

0.004 

100 

0.4 

0.14 

Proton 

1 

0.9 

0.001 

0.0005 

10 

0.04 

0.014 

100 

2.3 

0.75 

300 

24.0 

7.9 

Electrons 

1 

104 

0.14 

0.06 

3 

0.58 

0.21 

Gamma  ray 

1 

4.5* 

1.7* 

5 

9.1* 

3.7* 

*Thtc>.ncM  ntceuary  to  reduce  th»  Intmiity  by  0  5. 


Metals  are  considerably  more  resistant  to  radiation  dam¬ 
age  than  most  other  classes  of  solids,  showing  little  damage 
due  to  radiation  except  when  exposed  to  the  radiation  in 
the  heart  of  nuclear  reactors  (fast  neutron  exposure) . 


EFFECTS  ON  MATERIALS 
SHIELDING 


Organic  materiala,  at  a  class,  are  the  least  stable  in  a 
radiation  Aeld.  Radiation  damage  to  organic  materiala  ia 
dependent  upon  the  total  energy  absorbed  and  sometimes 
upon  the  radiation  intensity;  damage  ia  usually  not  de¬ 
pendent  upon  the  type  of  radiation.  Radiation  damage  to 
polymer*  may  occur  becausa  of  the  removal  of  a  bonded 
electron  leading  to  bond  rupture,  free  radicals,  discolora¬ 
tion,  etc.  Polymers  may  be  degraded  by  a  loaa  in  mechan¬ 
ical  strength,  an  increaae  in  vapor  pressure  and  viscosity, 
and  a  reduction  in  molecular  weight.  Moet  elastomeric 
material*  are  not  satisfactory  for  use  beyond  ■»  gamma 
dosage  of  10"'  ergs/gmtC).  Natural  rubber  is  the  most 
radiation  resistant  of  the  elastomers.  Styrene-butadiene 
rubber  is  the  most  resistant  synthetic  elastomer.  Silicones 
and  fluorine  based  polymers  are  below  average  in  radia¬ 
tion  resistance.  Tabic  1 3.6.3.7b  presents  the  radiation  re¬ 
sistance  data  of  some  plastics  and  elastomers.  It  is  im¬ 
portant  to  note  that  the  data  shown  in  Table  13.6.3.7b  is 
directly  applicable  to  radiation  exposure  in  the  presence 
of  air.  Limited  radiation  testing  of  some  polymers,  includ¬ 
ing  Teflon,  in  s  vacuum  environment  indicates  that  radia¬ 
tion  damage  is  reduced  considerably.  This  is  explained  by 
the  fact  ti  nt  the  presence  of  an  oxidiser  in  the  environ¬ 
ment  ca.'ses  oxidation  of  ionixed  polymers  which  results  in 
greater  alteration  of  the  molecular  structure  than  in  a 
chemically  Inert  (vacuum)  environment. 

Lubricants,  in  general,  are  affected  by  radiation  exposures 
rt  iO1  -.  The  effects  noted  are  a  decrease  in  initial  viscos¬ 
ity,  followed  by  an  increase  in  foaming,  increasing  acidity, 
and  decreasing  oxidation  stability.  Petroleum  lubricants 
are  the  most  stable,  and  little  change  is  noted  at  10'  r 
radiation  exposure.  Fluorinated  materials  are  not  recom¬ 
mended  for  use  in  a  -adiation  environment  because  the 
resulting  acid  which  is  liberated  is  highly  corrosive.  Con¬ 
ventional  metal  soap  greases  hardei.  and  solidify  under 
co  cinued  radiation  exposure.  Aromatic  hydrocarbvns 
change  very  little  for  radiation  exposures  to  10’  r. 

Ceramic  materials,  in  general,  are  not  seriously  affected 
by  radiation.  Glass  trancparency  may  be  reduced  or  be¬ 
come  opaque.  Explosives  such  as  diosodinitrophenol  and 
niti oglycerir.  ere  damaged  when  exposed  to  a  radiation 
dose  of  10“  and  10'  r,  respectively. 

The  tolerable  radiation  dose  for  any  , given  material  may 
depend  strongly  or.  its  application.  For  example,  a  mate¬ 
rial  which  loses  tensile  strength  may  still  be  useful  as  an 
Insulation  material,  while  ivs  use  as  a  seal  material  may 
be  adversely  affected. 

13.6.3.8  RADIATION  SHIELDING.  Three  important  fac¬ 
tors  to  consider  in  determining  radiation  shielding  require¬ 
ments  are: 

1 )  The  nature  and  properties  of  space  radiation 

2)  Mission  durations  and  space  flight  paths 

3)  The  tolerable  dosage  for  a  particular  component  or 
materia],  dependent  upon  the  function  of  the  compo¬ 
nent  or  material. 
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MM 


MfMM 

tnmanota  twuf 

f§  mmm  imm 

«"  — a 

Natural  rubber 

t  X  10*  ergs/ gram (C) 

2.5  X  10*  ergs/gram(C)  Damage  refers  to  overall  properties 

Natural  rubber 

1.4  X  IT 

1.5  X  10- 

Damage  refers  to  tensile  strength 

Polyurethane  rubber 

»X  10’ 

1  X  10* 

Mynoo  butadiene  (MIR) 

2X  10* 

1X10* 

Daasage  refers  to  overall  properties 

Btyrsas  butadiene  (SBB) 

— 

ax  io- 

Damage  refers  to  tonsils  strength 

Nitrile  rubber  (NBR) 

— 

7  X  10" 

Compression  sot  degrades 

Nitrile  rubier  (NKS) 

— 

1.6  x  10- 

Tensile  strength  increases  by  26 

Neopreae  rubber 

*.b  X  10* 

— m 

percent 

Hardness  begins  to  change 

tfypatoa  (ehleroeulf ousted 
polyethylene) 

4.0  X  10* 

- 1 

Tensile  strength  begins  to  inc roast 

Acrylic  rubber 

oxto* 

— 

ttUmi  rubber 

— 

10* 

Viteu  A 

_ 

9X  10* 

Hardness  inen  aus  25  parcent, 

3U1-F6500 

10’ 

elongation  decreases  10  percent 

Pelyaclftde  rubber 

2.5  X  10- 

— 

Grant  damage  at  4.5  X  10- 

Butyl  rubber 

— 

10* 

erg/gram  (C) 

Plastka 


Amine  resins 

7X  X  10' 

ic- 

Cs’.lu'.osics 

— 

ax  io* 

Epoxies 

9.5  X  10’" 

— 

Polyethylene 

2  X  10* 

9  X  10* 

Teflon 

2  X  10* 

s.r>  x  i<r 

Phonolics 

— 

10" 

Nylon  sheet 

»  X  10: 

5  X  10' 

25  percent  decrease  in  elongation 
and  impact  strength 

Silicones 

10* 

Glass  reinforced  silicone  kminates 
reach  threshold  at  approximately 

10"  erg/gram  (C) 

Polyvinyl  chloride  ( PY  0  > 

2  X  10' 

10" 

Liberates  hydrogen  chloride 

•Thr»uK;>M  ilcr*««irv  in  th«*  Amount  of  rBtliation  expouurt*  rvtt.ilr««l  to  chan**  at  V«*t  on*  physical  yrrv*rty  of  th«  matvrUI. 

••4 A  p»rc«nt  l**  thv  nmount  of  ra«Hntl<n  cxpesturo  nxiuirttl  to  i*h«n*a  a  physical  property  of  the  mnterUl  by  tft  percent. 


L 


At  present  it  is  possible  to  obtain  only  approximate 
shield  requirements  because  of  the  lack  of  data  for  radi¬ 
ation  interactions  with  materials,  and  lack  of  knowledge 
of  radiation  do.-uige  in  space  as  a  function  of  time. 

Radiation  shielding  should  be  designed  to  optimize  weight 
and  maintain  an  acceptable  dose  rate  to  the  shielded  ele¬ 
ment;  It  Is  left  to  the  designer  to  determine  how  much 
radiation  the  shielded  element  may  receive.  A  great 
amount  of  the  material  in  a  space  vehicle  is  used  for  struc¬ 
tural  purposes.  The  structure  then  provides  a  free  shield, 
since  it  must  be  used  regardle  .s  of  the  radiation  environ¬ 
ment.  Structural  housing  should  be  designed  to  provide  ns 
much  shielding  as  possible  for  the  w«  aker  elements  such 


as  seals,  etc.,  and  still  maintain  an  optimum  strength-to- 
weight  ratio.  Radiation  dotages  through  different  shield- 
ing  thicknesses  in  gm/cm  produced  in  tho  various  radiation 
zones  in  space  are  shown  in  Table  13.6.3.6. 

13.8.4  Matvoroid* 

The  space  environment  includes  a  class  of  material  particles 
of  stony  and  iron-nickel  compositions.  The  density  of  those 
materials  ranges  from  0.(  5  gm/cm  for  dust  ball  meteoroids 
to  2-10  gms/om  for  stony  end  metallic  (iron-nickel)  par¬ 
ticles.  These  particles  nave  been  classed  ss  meteoroids, 
micrometeoroids,  meteorites,  dust,  cosmic  psrticta,  etc., 
according  to  size.  However,  for  purposes  of  this  discussion 
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the  term  Hitteoroiil  will  b«  used  >  describe  the  stony  f.nd 
iron-nlcVsi  type  of  material*  in  space. 

It  Is  believed  that  meteoroids  are  of  two  origins  — 
asteroids  and  comets.  Meteoroids  ol  aateroidal  origin  con* 
stltute  approximately  10  percent  of  the  total  influx  of 
the  particles  that  enter  the  earth’s  atmosphere.  Most 
meteoroidal  material  in  the  solar  system  is  believed  to  be 
associated  with  comets.  Approximately  90  percent  of  the 
total  flux  into  the  earth's  atmosphere  is  thought  to  be  of 
cometary  origin.  A  comet  la  compoaed  of  a  low  density 
mass  consisting  of  looaa  particles.  As  dissipation  of  the 
comet  occurs  and  small  particles  are  released,  they  take 
up  the  orbit  of  the  original  comet,  with  the  exception  of 
the  perturbation  forces  of  other  planets  which  tend  to 
widen  their  path. 

It  is  generally  agreed  that  the  velocity  of  meteoroids  falls 
In  the  range  of  11-72  km 'sec  (7-45  mi/aoc),  with  large  con¬ 
centrations  in  the  20  km/sec  (12  mi/sec)  and  40  km/ sec 
(25  ml/sec)  ranges. 

Important  parameters  ox  the  meteoroid  environment  that 
must  be  considered  in  design  are  probability  of  meteoroid 
hits,  meteoroid  damage,  and  protection  against  meteoroid 
damage. 

13,6.4.1  PROBABILITY  OF  METEOROID  HITS.  The  pi ob- 
ability  of  a  particle  in  space  striking  a  component  is  a 
function  of  the  meteoric  flux  and  th  •  exposed  area  of  the 
component.  The  number  of  meteoroid  impacts  per  square 
foot  per  day  on  a  structural  surface  for  an  earth-orbiting 
space  vehicle  is  plotted  in  Flgui’e  13.C.4.X.  It  can  be  seen 
from  this  figure  that  it  is  probable  that  one  meteox'oid  of 
mras  ranging  from  10  to  10  '  grams  will  impact  a  body 
one  square  foot  in  area  per  day. 


Figure  13.6.4.1.  Meteoroidal  Impact*  on  Structural  Surfaces 

(From  Reference  476-1 .) 


1 3.6.4. 2  METEOROID  DAMAGE.  Meteoroid  damage  ranges 
from  surface  erosion  which  ran  change  optical  properties 
to  complete  puncture  of  spacecraft  structural  materials. 
Even  though  puncture  does  not  occur,  damage  can  result 
from  spalling  (fragmentation  of  the  *nner  surface)  caus¬ 
ing  Mtiuetural  damage  and  the  generation  of  harmful  con¬ 
taminants  in  the  system;  or  deformation  of  the  inner  sur¬ 
face  which  could  restrict  flow  in  fluid  lines  or  impair  the 
operation  of  close  fitting  moving  parts  such  as  bearings, 
sleeves,  and  spools.  Also,  localised  heating  caused  by  mete¬ 
oroidal  impact  could  result  *n  reaction  between  a  strong 
oxidixer  such  as  fluorine  and  the  heated  surface.  Figure 
1 3. (t. 4. 2a  illustrates  inner  surface  damage  cuused  by  mete¬ 
oroid  impact.  Data  on  the  degree  of  damage  enused  by 
meteoroid  impac  is  generally  vague  due  to  uncertainties 
in  meteoroid  composition,  mass  density,  shape,  and  veloci¬ 
ties.  Although  a  number  of  relationships  have  been  devel¬ 
oped  relating  punetu-e  depth  to  meteoroid  and  target 
material  properties  such  as  density,  hardnoss,  and  heat  of 
fusion,  as  welt  as  geometric  factors,  experimental  verifica¬ 
tion  of  these  relationships  is  extremely  limited.  A  prime 
limitation  is  the  inability  to  achieve  representative  mete¬ 
oroid  velocity.  One  relationship  for  hypervelocity  impact 
at  normal  Incidence  which  shows  good  agreement  with  the 
limited  available  experimental  data  is  given  by  Bjork  (Ref¬ 
erence  2-2). 


Figure  13.6.4.2a.  Rear  Surface  Damage  by  Hypervelocity 
Particles  In  Relatively  Thick  Targets 


d--C(mVV  1  (Eq  13.6.4.2) 

where  d  -  depth  and  radius  of  u  he.,  spherical  cater, 
cm 

m  “  particle  mass,  gm 
V  impart  velocity,  km/sec 
C  --  constant  for  a  given  combination  of  particle 
and  target  mateiials 

C  -  1.04  for  aluminum  hitting 
aluminum 

C  O.iiOG  for  iron  hitting  iron 
C  1.3  for  lead  hitting  lead 
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Figure  i3.6  4.2b.  Penetration  of  Hypervelocity  Particles  at  Varlout  Impact  Velocities,  Based  on 
Bfork'a  equation  for  Aluminum  an  Aluminum 


This  equa'iot.  .or  aluminum  hitting  aluminum  is  plotted  in 
Figure  1  l  *i.  I.„n. 

I.Ui.U  PKoTKCrH.N  A<1  AINST  MKTK<II<<HU  IIAM* 
\<;K.  In  general,  meteoroids  do  not  present  u  serious  har.urd 
to  fluid  components  iioeause  there  i  -  sufficient  wall  thickness 
in  most  components  to  prevent  penetration  try  the  small 
particle*  most  likely  to  in-  encountered;  larger  particles 
occur  so  rarely  that  the  probability  of  being  hit  is  very  low. 
Refer*  ice  I  T  states  that  particles  smaller  than  l tt  unis 
present  no  penetration  hazard  and  particles  larger  than 
!0  unis  oeeur  too  rarely  to  be  eonsideied  a  hazard  worthy 
of  consider at ton.  Meteoroids  most  likely  to  present  a  sig- 
nitlcai.t  penetration  hazard  have  masses  f.om  10  to  It) 
Ui'iitlis.  A  toehniip'e  for  tneteoioid  protection  whieh  has  re¬ 
ceived  a  coll'it'ei able  amount  of  study  is  the  use  of  mete¬ 
oroid  bumper*.  A  In  mpet  is  a  sacrificial  protivtivr  shield 
mounted  witii  a  space  iietween  iml  tin  all  ‘‘ace  to  be  pro. 
'.a  I.  d  This  space  can  , other  be  .eft  void  or  be  provided  wiih 
a  tiller  vs  In.  h  acts  as  an  tie-igy  absorber.  Fra ’.niented  me. 
i.a  i  >  ad  oat  tides  and  luimper  spall  are  di-pcsed  so  that 
ih.  >  l  av.  it.  iirtieicnt  energy  to  penetrate  pro!  -.  led  eompo- 


nents.  If  tile  seat te red  fragments  are  so  spread  out  that  they 
act  independently,  the  energy  transmitted  at  each  point  of 
impact  is  reduced  in  proportion  to  the  number  of  fragments. 
The  relative  thickness  and  corresponding  relative  weight  of 
materials  for  equivalent  meteoroid  protection  is  given  In 
Table  I :>.!>.  I.:t.  The  use  of  multiple  plates  for  bumper 
shielding  reduces  the  penetrating  capability  of  particles,  as 
compared  with  a  single  plate  having  the  same  total  thick¬ 
ness.  The  relative  weights  *or  various  bumper  conflguia- 
tions  necessary  to  preelude  puncture  are  illustrated  in  Fig¬ 
ure  1.!  h.t.it.  An  extensive  bibliography  on  meteoroids  is 
presented  in  References  t.'t'.-.'l,  IIM-IS*.  and  lttl-21. 

13.6.5  Temperature  in  Space 

I ;t.t*..'».  1  THK  SI’ACK  MK1HA.  Since  interplanetary  space 
■onsists  of  widely  separated  gas  molecules,  .he  concept  of 
temperature  environment  in  space  is  quite  different  from 
the  eoneept  of  temperature  as  an  >>nvi»'onment  in  the  atmos¬ 
phere.  Ihie  to  the  extremely  low  density  of  the  interplane¬ 
tary  gas  mixture,  it  is  necessary  to  consider  temperature 
in  terms  ol  kinetic  theory  of  gases.  i.e„  the  relationship 
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TaMe  is.t.4.3.  Material  Tb WmM  and  Cormpondinc 
Weight  to  Prqvlda  Cqutalent  Meteoroid  Protection 

(Reference  4761) 


MATERIAL 

DENSITY 

RELATIVE 

rtocKNCie 

RELATIVE 

WElOMT 

Aluminum 

0.095 

t.oo 

1.00 

Magnesium 

0.006 

1.32 

U.88 

Beryllium 

0.066 

0.72 

0.48 

Filament  wound  plastic 

0.077 

1  61 

1.24 

Fused  silica 

0.079 

1.05 

0.85 

6AI-4V  titanium 

0.160 

0.78 

1.18 

17-7PH  steal 

0.276 

0.49 

1.38 

batwaen  motion  of  •  gaa 

and  its  temperature. 

This  r«la- 

tionahip  Is  given  by  the  1  allowing; 

™rnV“  =  -|kT  (Iq  13.6.6.1) 

where  m  —  mess  of  the  gas  molecule,  lb™ 

\  —  velocity  of  the  gas  molecule,  ft/aec 
k  ~  Uoltsmann'n  molecular  gaa  constant, 
lb™  ft"/ sec’  °R 

T  *■>  absolute  temperature,  'R 

Although  the  velocity  of  a  molecule  in  space  Is  not  known 
with  any  degree  of  accuracy,  gaa  temperatures  of  several 
thousand  decrees  have  been  predicted  based  on  kinetic  tem¬ 
perature.  The  fact  that  these  high  temperature  gas  mole¬ 
cules  are  so  widely  scattered,  however,  means  that  they  have 
a  negligible  effect  on  the  temperature  of  a  space  vehicle  due 
to  the  email  amount  of  heat  env.-gy  involved.  The  tempera¬ 
ture  of  a  space  vehicle,  therefore,  is  determined  not  by  '.he 
temperature  of  the  surrounding  atmosphere,  but  rather  as 
a  result  of  radiation  from  other  sourest,  such  as  the  sun 
and  radiation,  to  tire  heat  sink  ~f  apace. 


CONFIGUSATICN  Ml  AH  VI  WtIGHi 


IS.E.R.l  THERMAL  SOURCES.  The  primary  external 
source  of  thermal  energy  for  a  spacecraft  traveling  within 
the  solar  system  Is  direct  radiation  from  the  aim.  Heat  en¬ 
ergy  derived  from  the  total  electromagnetic  spectrum  of 
the  sun  Is  a  heat  flux  of  4411  Biu  ft  hr  at  a  distance  of  1 
au*  (astronomical  unit).  The  heat  flux  Intensity  varies  in¬ 
versely  as  the  square  of  the  distance  from  the  nun. 

The  Atoady-stete  temperature  of  a  body  in  apaca  can  be 
determined  by  equating  the  radiant  energy  emitted  from 
the  body  at  thermal  equilibrium  to  the  total  enargy  absorbed 


by  the  body. 

(Kq  13.tJ.2R) 

At*roT||4 

AivhAhH^ 

-  A|.&hBH* 

+  I  A»4ttT4  +  Q 

Energy 

Energy 

Energy 

Energy 

emitted 

absorbed 

absorbed 

absorbed 

from 

directly 

by  body 

by  body 

body 

from  sun 

from 

from 

planets, 

planets, 

reflected 

emitted 

where  At  *=  total  surface  area  of  body,  ft' 

M  »  emisaivity  of  body 
9  ■*  Stefan-Boltiman  constant, 

0.1713  X  10  *  Btu/hr  ft*  'R* 

Tm  =  steady  state  temperature  of  the  body,  *R 
Ae.s  =  projected  area  of  the  body  toward  the  aun, 
it' 

a»  “  solar  absorptivity  of  body 
H„  -  intensity  of  solar  radiation,  Btu/ft’-hr 
(F*  —  ;  R  =  distance  from  sun  in 

XV 

astronomical  units) 

Ar  =  projected  urea  of  body  toward  planet,  ft' 
a*  —  absorptivity  of  body  of  i  -iriect  id  enargy 
from  planet  (function  of  spectral 
dbtribution  from  planet;  'or  the  earth, 
value  nearly  tile  same  as  solar 
absorptivity) 

Albedo  of  plo.net 

Heat  from  other  sources,  including 
heat  generatsd  by  spacecraft,  Btu/hr 

absorptivity  of  body  of  emitted  energy 
from  ulanet 

effective  black  body  temperature  of 
planet,  R 


HONivcovr 


uiiiitiiimiijii 


i  A' 


1,90 


Figure  13.6.4.3.  Relative  Weights  for  Various  Bumper  Con¬ 
figurations  Necessary  to  Provide  Meteoroid 
Protection 

(From  Reference  34-7) 


Bccauoe  the  energy  contribution  from  the  plant  fs  is  rela¬ 
tively  small,  a  c’nse  approximation  of  body  temperature, 
neglecting  heat  generated  by  ihe  spacecraft,  is  viven  by 


'I  III  li  |  unit  of  dl»t»ncr  enucl  to  the  nrnn  dist*nc<  of  the  earth  from 
the  »vn 
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AT.„./I  ii* 


The*  on'y  other  important  source  of  heat  is  that  Konerated 
by  the  equipment  housed  Within  the  space  vehicle. 


or 


H-tf  [(SH! 


converted  to  distance  from  the  sun  (H„ 


R  dis- 


Rquation  ( 1 3. ti.r>. 2b)  is  plotted  in  Figure  13.6.5.2  with  H< 
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tance  from  the  sun,  au),  for  various  values  of  the  ratio 
<W#n.  (See  Detailed  Topic  2.2.H.3  for  a  table  of  a«/ei  ratios). 
The  planets’  distances  from  the  sun  are  also  indicated  in 
this  figure,  although  the  effect  of  radiation  from  the  planets 
is  not  included  in  the  curves. 
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distance  fiom  sun,  ax*. 


Figure  13.6.5.2.  Equilibrium  Body  Temperature  Versus  Dis¬ 
tance  from  the  Sun.  at  a  Function  — 

*n 

Another  source  of  heat  for  bodies  in  close  proximity  to  a 
planet  is  their  reflected  and  emitted  energy.  The  emission 
and  reflectivity  of  heat  energy  from  a  planet  depends  on  its 
temperature  and  emissive  properties,  and  on  its  albedo  ( re¬ 
flective  propei ties).  The  albedo  represents  the  percentage 
of  incident  energy  reflected  by  a  planet.  The  average  albedo, 
B,  for  several  solar  system  bodies  is  given  in  the  following 
table : 


1 3.6.5. .1  THERMAL  SINKS.  The  heat  sinks  for  a  vehicle 
in  space  ii  elude  the  space  sphere  and  components  within 
the  vehicle.  The  space  sphere  may  be  considered  to  be  a 
black  body  at  a  temperature  of  approximately  4°  "'elvln. 
This  temperature  is  a  result  of  starlight,  otherwise  the 
temperature  of  the  space  sphere  would  be  considered  abso¬ 
lute  zero. 

13.6.5.4  TEMPERATURE  CONTROL.  Temperature  con¬ 
trol  in  space  is  obtained  prime  rily  through  radiation  heat 
transfer  by  the  use  of  reflecting  materials  or  reflection  de¬ 
vices  such  as  rotating  louvers.  Minimizing  absorbed  radiant 
energy  can  be  achieved  by  the  ;i@e  of  super  insulation  ma¬ 
terials  and  coatings  having  low  a/«  ratios.  The  use  of  super 
insulation  materials  to  reduce  heat  transfer  is  discussed 
in  Detailed  Topic  2. 3. 2.1.  A  table  of  a/«  ratios  for  a  variety 
of  materials  is  given  in  Detailed  Topic  2.2.3.11. 


13.6.6  Zero  Gravity 

The  absence  of  gravity  is  impossible  to  duplicate  except  for 
short  periods  of  time.  At  present,  testing  in  a  zero  gravity 
field  is  very  difficult  and  expensive;  therefore,  very  little 
information  is  available  on  this  environmental  parameter. 

It  is  generally  believed  that  no  significant  effects  on  mate¬ 
rials  w'll  be  encountered  due  to  the  zero  gravity  conditions 
in  space.  Designs  dependent  on  weights  and  liquid-liquid  or 
liquid-vapor  separating  to  some  predictable  orientation  will 
be  uselesc  in  the  zero  gravity  field.  The  behavior  of  con¬ 
tained  liquid  in  this  field  may  depend  on  the  wettability  of 
the  container  walls.  Liquids  which  do  not  wet  the  container 
wall  tend  to  contract  to  a  spherical  shape,  leave  the  walla, 
and  become  suspended  in  spare.  Liquids  which  do  wet  the 
wall  will  tend  to  spread  out  over  the  wall,  leaving  a  gas 
pocket  in  the  center.  Transfer  or  flow  of  fluids  such  as  pro¬ 
pellants  and  lubricants  must  be  made  without  depending  on 
gravity.  Venting  a  gas  from  a  liquid  vapor  phase  requires 
techniques  to  prevent  loss  of  the  liquid.  Fluid  heat  transfer 
must  depend  on  mechanisms  other  than  convection,  such  as 
film  boiling,  conduction,  and  diffusior. 

Other  forces  will  act  on  a  space  vehicle  whereby  the  prob¬ 
lems  associated  with  zero  gravity  are  alleviated  to  some  de¬ 
gree.  Forces  that  may  produce  an  artificial  gravity  force 
such  as  orbit  transfer  or  correction  forces,  spinning  or 
tumbling  of  the  spacecraft,  and  solar  radiation  pressures, 
may  alleviate  the  problems  of  zero  gravity  to  some  degree. 


Table  13.6.5.2.  Albedoes  of  Solar  System  Bodies 

(From  “ Handbook  o I  Aeronautical  Engineering,"  H.  H  Koelle,  ed., 
Copyright  1961  by  McGraw-Hill  Book  Company,  Hew  York) 


F.arth 

0.36 

Venus 

0.76 

Uranus 

Moon 

0.07 

Jupiter 

0.51 

Mars 

0.15 

Saturn 

0.50 

13.6.7  Planetary  Environment 

The  bodies  within  the  solar  system  shown  in  Figure  13.6.7 
present  a  wide  range  of  environmental  conditions.  Although 
detailed  information  on  the  environments  of  the  planets  in 
extremely  limited  at  present,  some  of  the  basic  character¬ 
istics  of  the  planets  and  the  earth’s  moon  are  given  in  Table 
13.6.7. 
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Table  13.6.7.  Characteristics  of  the  Solar  System 
(Adupted  from  reference  131-30,  corrected  to  ruflact  prelim  iary  Mariner  6  and  7  data) 


BODY 

SEMI-MAJOR  PERIOD  MEAN 

AX<S  EARTH-YEARS  DIAMETER  MASS 

TOSUfi  (PARTM-1)  DIAMETER  (EARTH-I) 

(AU)*  (EARTH-1)  EARTH -1) 

NUMBER  OF 
NATURAL 

SATELLITES 

EQUATORIAL 

SURFACE 

GRAVITY 

(E»rth»1) 

Sun 

— 

— 

109.2 

3  x  It)' 

28 

Mercury 

0.387 

0.241 

0.379 

0.055 

0 

0.380 

Venus 

0.723 

0.616 

0.956 

0.M  1  5 

0 

0.893 

Earth 

1.000 

1.00 

1.00 

1.00 

1 

1.00 

Mars 

1.524 

1.88 

0.535 

0.108 

2 

0.377 

Jupiter 

5.203 

11.9 

11.14 

317.9 

12 

2.54 

Saturn 

9.539 

29.5 

9.4  7 

95.1 

10 

1 .06 

Uranus 

19  25 

84.0 

3.69 

1 4 .  f 

> 

5 

1.07 

Neptune 

30.04 

164.8 

3.50 

17.0 

2 

1.1 

Pluto 

39.64 

247.7 

1.1? 

0.8'i 

) 

0 

0.7? 

Earth’s  Moon 

— 

0.075 

0.272 

0.012 

0 

0.165 

BODY 

SURFACE 
ESCAPE  VELOCITY 
(Earth-1) 

SURFACE  -EMP 
(°F) 

SURFACE 
ATMOSPHERIC 
PRESSURE 
(in  atmospheres) 

ATMOSPHERIC  COMPOSITION 

Sun 

55  0 

*11,500 

— 

Mercury 

0.371 

750 

<1 

traces  of  heavy  gases 

Venus 

0.915 

800 

16? 

93 %  CO;  ;  possibly  N; 
water  vapor 

trace  of 

Earth 

1.00 

60 

1 

78%  N;,  20%  O; 

Mars 

0.449 

90  to  -190 

0.01 

90  -  100%  CO;  remaindet  unknown 

but  upper  limit  for  N; 

3%, 

is  possibly 

Jupiter 

5.38 

■220 

\ 

>1 

Saturn 

3.26 

-270 

*7 

Uranus 

1.97 

-340 

? 

> 

NH>,  CH4,  H;,  He 

Neptune 

2.24 

■360 

?  | 

i 

Pluto 

0.857 

•370 

7 

) 

heavy  gases? 

Earth’s  Moon 

0.212 

-243  to  260 

10-'7 

traces  of  very  heavy  gases 

*1  AU  *  92,959,670  miles 
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Figuie  13.6.7.  The  Solar  System 


13.6.8  Tim«  in  Space 

As  the  durations  of  space  missions  increase,  space  environ¬ 
mental  effects  become  increasingly  more  important  to  fluid 
component  designers  since  most  of  the  adverse  effects  of 
the  space  environment  are  a  function  of  time.  The  proba¬ 
bility  of  meteoroid  penetration  and  the  degree  of  meteor- 
uidal  erosion  of  material  surfaces  will  increase  with  ex¬ 
posure  to  time.  Radiation  dosage  is  cumulative  with  time. 
The  effects  of  the  high  vacuum  on  the  sublimation  and  evap¬ 
oration  of  materials  are  also  time  dependent.  The  length  of 
time  required  to  accomplish  several  representative  space 
missions  is  presented  in  Table  13.6.8. 


Table  13.6.6.  Space  Mission  Durations 

(Reference  107-6) 


SPACE  MISSION  NOMINAL  DURATION 


Earth  orbit 

300  n  mi  orbit 

l>0  minutes 

Lunar  landing,  one  way 

2  Vi  days 

Lunar  reconnaissance  mission, 
no  landing,  no  lunar  orbit 

f>  days 

Lunar  landing,  earth-return 

1  to  2  weeks 

Close  solar  probe, 

■>ne  wa>  instrumented 

4  Vi  months 

Mars  landing,  one  way 

9  months 

Mars  reconnaissance  minsion, 
no  landing,  no  martian  orbit 

12  months 

Venus  reconnaissance, 

planetary  orbit  and  return  to  earth 

1 V4  years 

Mercury  reconnaissance, 

planetary  orbit  and  return  to  earth 

iVi  years 

Mnrs  reconnaissa:.ce, 

planetary  orbit  and  return  to  earth 

2  Vi  years 

Jupiter  reconnaissance 

planetary  orbit  and  return  to  earth 

344  years 

Saturn  reconnaissance, 

planetary  orbit  and  return  to  earth 

4  Vi  years 

Recent  successful  manned  and  unmanned  near-earth  space¬ 
flight  (earth  orbit,  lunar  landing,  etc.)  and  unmanned 
plane*  s»y  reconnaissance  has  prompted  the  tentntive 
planning  of  longer  duration  missions.  Examples  are  manned 
eartn-orbiting  space  stations  for  10  year  durations  and 
unmanned  Grand  Tour  reconnaisance  missions  to  fly  by  the 
outer  planets.  Grand  Tour  missioiis  to  Jupiter,  Satuin, 
Uranus,  and  Neptune  or  Pluto  have  been  proponed  for  the 
lute  1970s  and  would  require  mission  durations  of  6  to  12 
years. 
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13.7  CORROSION 

13.7.1  CHEMICAL  PROCEfS 

13.7.2  OXIDATION  AND  REDUCTION 

13.7.3  GALVANIC  CORROSION 

13.7.3.1  Electrode  Potential 

13.7.3.2  Electrolytes 

*  S.7..1.3  Galvanic  Cells 

13.7.4  POLARIZATION 

13.7.5  ELECTRODE  CONTROL 

13.7.6  CORROSION  FATIGUE 

13.7.7  INTEGRANNULAR  CORROSION 

18.7.8  FRETTING  CORROSION 

13.7.0  STRESS  CORROSION  CRACKING 

13.7.10  CORROSION  BV  PROPELLANTS 

18.7.11  CORROSION  BY  LUBRICANTS 

13.7.12  CORROSION  BY  ATMOSPHERE 

13.7.13  CORROSION  BY  SEA  WATER 

13.7.14  CORROSION  BY  MICRO  ORGANISMS 

18.7.15  CORROSION  PREVENTION 

13.7.15.1  Protective  Coat  in** 

13.7.15.2  Inhibitor* 

13.7.15.3  Cathodic  Protection 

13.7.15.4  Design  Techniques 

13.7.16  CORROSION  MEASUREMENTS 

13.7.17  CORROSION  TESTING 

13.7.1  Chemical  Process 

Corrosion  is  the  deterioration  and  loss  of  material  due  to 
a  chemical  reaction  between  the  material  and  its  environ¬ 
ment.  Corrosion  usually  involves  both  a  chemical  solution 
and  an  oxidation-reduction  process. 

The  natural  chemical  reaction  between  most  metals  and 
their  environment  may  V  represented  by: 

Metal  -f  Environment  —►Metal  Compound  -f  Energy 
(Fe,  Al,  etc.)  +  <H;S,  O ,  R,G,  NO,,  etc.)  — ► 

(Sulfide,  Oxide,  etc.)  -4-  (Heat) 

The  rate  of  corrosion  is  governed  by  a  number  of  factors, 
some  of  the  most  common  being: 

a)  formation  of  surface  dims 

b)  oxygen  concentration 

c)  hydrogen  io.i  activity  (pH) 

d)  presence  of  other  ions 

e)  temperature 

f)  polarization 

g)  electrical  resistance  of  electrolyte 

h)  static  or  cyclic  stress  conditions 

i)  rate  of  flow  of  environment  over  material 

j)  presence  of  dissimilar  metals 

k)  surface  configuration. 

Reaction  times  may  vary  from  extremely  slow  to  very  fast 
and  may  not  occur  at  all  unless  initiated  with  a  certain 
"activation”  energy. 


Chemical  solution  involves  the  dissociation  of  a  material, 
resulting  in  molecules  o"  ions  going  into  solution  with  the 
environment  Figure  13.7.1  illustrntcs  the  dissociation  of 
iron  ii.to  solution  as  ions  and  ex<  ,'ss  electrons  are  produced 
In  the  metal.  In  general,  the  factors  which  influence  chem¬ 
ical  solution  are: 

a)  The  size  of  the  molecule  or  on.  Small  molecules  snd  ions 
usually  dissolve  more  readily, 
h)  Structural  similarity  of  solvent  and  solute.  Organic  ma¬ 
terials  are  most  soluble  in  organic  solvents,  and  metals 
are  most  soluble  in  other  liquid  metals 

c)  More  than  one  solute.  The  presence  of  two  solutes  may 
produce  greater  solubility  than  the  presence  of  only  one. 

d)  Temperature.  The  rat"  of  solution  increase?  with  tem¬ 
perature. 


Figure  13.7.1.  Dissociation  of  hon  into  Solution 


13.7.2  Oxidation  and  Reduction 

Oxidation  involves  the  loss  of  civet  i  ons  from  an  atom, 
whereas  reduction  involves  the  gain  of  electrons.  It  should 
be  noted  that  the  presence  of  oxygen  is  not  necessary  for 
oxidation.  Oxidation  corrosion  of  metals  is  frequently  con¬ 
sidered  as  being  a  reaction  involving  an  anode  and  a  cath¬ 
ode.  The  anode  supplies  electrons  (oxidation)  and  the 
cathode  receives  electrons  (reduction). 

Oxidation  may  occur  at  any  temperature  and  becomes  in¬ 
creasingly  important  with  higher  temperatures.  When 
metals  are  exposed  to  an  oxidizer  such  as  oxygen  oi  fluorine, 
an  oxide  (fluoride)  layer  or  scale  will  form  at  the  surface 
and  the  reaction  process  is  retarded.  For  oxidation  to  con¬ 
tinue,  the  metal  muit  migrate  across  the  oxide  layer  to  the 
surface,  or  the  oxidizer  must  diffuse  through  to  the  base 
metal  surface  as  illustrated  in  Figure  13.7.2.  The  relation¬ 
ship  between  the  growth  of  this  oxide  layer  to  time  and 
temperature  is  important  as  a  basis  for  determining  the 
resistance  of  the  metal  to  tuidation. 
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If  the  iron  shown  in  Flgur*  13.7.2  is  in  a  water  solution, 
r  ut  i>  formed  according  to  'he  reaction 

4Fe  4  30.  t  flH.O  — >  4Fe  (OH)  (Ferris  hydro* Ide) 

•  :i(l  he  h»lf  reactions  ere: 

Oxidation  Fe  — »  Fe"  I  2e  \node  reaction 

Reduction  H  O  I  1/2  0.  I  2e  — »  20H  Cathode  reaction 

The  ease  with  which  electrons  are  removed  and,  therefore, 
the  corrosion  rate  will  depend  on  the  enviaonment.  Elec¬ 
trons  art  readily  r  'moved  from  ir  >n  when  oxygen  and 
water  are  present,  ar.d  readily  rem  ived  from  aluminum 
when  chlorine  is  present. 


Figure  13.7.2.  Oxidation-Reduction  Process 


which  is  taken  to  be  *ero.  Table  13. 7. 3. In  lists  the  e'srtro- 
mechanlcal  series  of  metals.  The  metals  higher  in  the  series 
are  termed  anodic  to  the  metals  below  them,  and  the  more 
nobtc  metals  are  called  catkodie  to  the  metals  above  them. 

Table  13.7.3. la.  Electrochemical  Aerie* 


ANODIC  (LEAST  NOS'D  END 

Lithium 

Potassium 

Sodium 

Barium 

Magnesium 

Beryllium 

Aluminum 

Manganese 

Zinc 

Chromium 

Iron  (Fe— *  Fe") 

Cadmium 

Nickel 

Tin 

Lead 

Iron  (Fe —►  Fe"') 

Hydrogen 

Copper 

Silver 

Palladium 

Mercury 

Platinum 

Gold 

CATHOOIC  (MOST  NOBLE)  END 


13.7.3  Galvanic  Corrosion 

Galvanic  corrosion  occurs  when  two  diss.milar  metals  are 
coupled  in  presence  of  an  electrolyte.  Galvanic  corrosion 
also  occurs  when  electrodes  of  the  same  metal  contact  with 
different  electrolytes  or  the  same  electrolyte  but  at  differ¬ 
ent  strengths.  The  extent  of  galvanic  corrosion  will  depend 
on  the  type  of  metal  and  the  electrical  resistance  of  'he 
electrolyte. 

13.7.3.1  ELECTRODE  POTENTIAL.  When  metals  go  into 
solution  as  ions,  excess  electrons  which  are  liberated  remain 
in  the  metal  and  the  metal  acquires  a  negative  charge.  Equi¬ 
librium  is  reached  when  the  metal  ion*  and  electrons  re¬ 
combine  at  the  same  rate  at  which  they  form.  The  potential 
drop  resulting  from  the  production  of  Ions  in  the  solution 
and  electrons  in  the  metal  is  known  as  the  elect  rede  poten¬ 
tial. 

The  tendency  of  a  metal  to  corrode  in  a  solution  is  related 
to  the  electrode  potential  between  the  metal  surface  and  its 
inns  in  solution.  Because  the  potential  la  influenced  by  tem¬ 
perature,  concentration,  velocity,  etc.,  standardisation  is 
employed  In  measuring  the  electrode  potential.  The  value  of 
the  electrode  potential  of  a  metal  anu  a  solution  '.s  usually 
measured  with  reference  to  a  standard  hydrogen  electrode 


The  relative  position  in  the  series  between  metals  should 
not  be  used  to  predict  whether  one  metal  will  dhplace  an¬ 
other  in  solution,  since  the  actual  values  prevailing  '.n  a 
specific  solution  may  cause  a  change  in  the  relative  position. 
Each  environment  must  be  considered  separately.  Table 
13.7.3.1b  gives  the  relative  position  of  metals  in  sja  water, 
called  the  galvanic  eeriee. 

13.7.3.2  ELECTROLYTES.  Electrolytes  are  ionic  solutions 
of  acids,  alkalies,  or  satis  which  conduct  electrical  currents, 
with  electrical  cctyductivity  resulting  from  the  free  ions 
available  in  the  elettrolyte.  Water  ioni-tes  slightly,  forming 
hydrogen  ion:.,  H‘,  and  hydroxl  ions,  OH  .  Acidic  solutions 
have  a  greater  hydrogen  ion  concentration  and  alkaline 
solutions  Have  an  increased  hydroxyl  ion,  OH',  concentra¬ 
tion.  Salta  are  the  reaction  products  of  acids  and  alkalies. 
They  are  highly  ionised  and  give  essentially  neutral  solu¬ 
tions.  AH  are  conductive  due  to  the  free  motion  of  the  ions 
in  solution. 

13.7.3.3  GALVANIC  CELLS.  A  galvanic  cell  consists  of 
two  electrodes,  one  which  supplies  electn/na  (anode)  and 
the  c  Her  which  receives  elect -ons  (cathode).  If  an  electri¬ 
cal  contact  in  made  between  the  two  electrodes,  the  greater 
potential  at  the  anode  will  force  electrons  and  metallic  ions 
to  flow  to  the  cathode.  Corrosion  always  occurs  at  th„-  anode 
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Tabla  13.7.1.1b.  (tetanic  Series  in  Im  Water 

I'Aetav''-*  v  *01) 


COtcNOOID  KNO  (AMOOt) 


Magnesium 
Magnesium  alloya 

Zinc 

G  wanized  steel 
Galvanized  iron 

Aluminum  (50C2,  3004,  SC34,  3003. 1100,  0053 
in  thia  order) 

Cadmium 

Aluminum  (2117, 2017,  2024  in  thia  order) 
Mlid  steel 
Wrought  iron 
Cast  iron 

SUinleaa  ateel,  type  410  (active)  * 

60-50  lead  tin  adder 

Stainleaa  ateel,  type  30«  (active) 

Stainless  ateel,  type  316  (active) 

Lead 

Tin 

Munts  met  si 
Manganeae  bronae 
Naval  b'-asa 

NlcVei  (active) 

Inconel  (active) 

Yellow  hr  abb 
Aluminum  bronae 
Red  braaa 
Copper 
Silicon  bronze 

Nickel  (passive)** 

Inconel  (passive) 

Monel 

Stainless  ateel,  type  304  (passive) 

Stainleaa  ateei,  type  316  (paaaive) 


mOreCTlP  KND  (CATWOog) 


JAell»«:  metal  ivrii  N  without  a  proUetlva  Aim. 

••Passive:  metal  with  a  protective  Aim  <>ueh  a*  an  oxide  Aim). 


bacauae  it  la  at  a  higher  elect-lcnl  potential  than  tlie 
cathode.  Galvanic  cella  ntny  be  claaaifled  as  ( 1 )  composition 
cells,  (2)  concentration  cella,  and  '3)  streaa  cella.  Theae 
three  tynea  of  cella  require  an  anode,  a  cathode,  and  an 
eloctropctential  (electrolyte)  between  them. 

Cempeeitlau  Cells.  A  composition  cell  may  be  established 
between  any  twe  diaaimilar  metalo  in  the  presence  of  an 


electrolyte  (Figure  13.7.3.3a;.  Examples  of  composition 
cells  Include  <  1 )  platings  >r  coatings  on  a  base  mela.  where 
th>-  plating 's  not  continuous,  (2)  threaded  fasteners  and 
their  associated  parts.  (3)  solder  and  the  parent  material, 
(4)  shaft  and  bearingn  supports,  and  (5)  connection  be¬ 
tween  dissimilar  pipe  or  tubing.  Dissimilar  metals  are 
defined  for  aircraft  and  aircraft  parts  in  Table  13.7.3.3  per 
military  standard  MS  33581!. 


Figure  13.7.3.3a.  A  Composition  Cell 


Table  13.7.3.3.  Grouping  of  'limiter  and  Diaaimilar 
Motels  and  Their  Alloya* 


oftoup  t  a  poop  it  a.  hm»  ih  ommjp 


Magnesium  Cadmium, 
and  its  alleys  sine,  Alumi¬ 
num,  and 
their  alloys 

Aluminum 
alloys 
6052,  5056, 

5356,  6061 
6063 


IV 

Iron,  lead,  Copper, 
tin  and  their  chromium, 
alleys  (ercept  nickel,  silver, 
stainless  gold,  plati- 
steels)  num,  titanium, 

cobalt,  rho¬ 
dium  and 
their  alloys; 
stainless  steels 
and  graphite 


'MtUb  In  tht  tank  group  »r«  Miiildertd  similar  to  on«  another  and 
metal*  In  different  groups  arr  considered  dUsimlW  to  one  another. 


A  composition  cell  may  be  created  on  a  sheet  of  cadmium- 
p'ated  or  galvanized  steel  where  the  plating  has  been 
scratched  exposing  the  steel  base  metal.  The  cadmium  or 
zinc  (galvanized)  coating  acts  as  the  anod. ,  and  any  corro¬ 
sion  that  occurs  is  on  the  coated  surface,  with  the  steel 
protected,  (Table  13.7.3.1b).  A  .tin  coating  on  steel,  how¬ 
ever,  wi'I  provide  protection  only  as  long  as  the  coating  is 
continuous.  If  the  tin  coating  is  broken,  exposing  the  steel, 
(Figure  13.7.3.3b),  the  steel  will  become  the  anode,  tin  the 
c  .  thode,  and  the  steel  is  subject  to  corrosion  (Table 
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POLARIZATION 


ENVIRONMENTS 


1.1. 7.3. lb).  In  order -that  Ihc  bum  m Hoy  in-  protected,  the 
cladding  for  aluminum  alloys  if  always  selected  so  that  the 
coating  provider  a  hitcher  electrical  potential  than  the  core. 


ICSATCK 


ANOOf 

(COMOUON) 


Figure  13.7.3.3S.  A  Composition  Ml  Formed  by  tcratehing  Tin- 
Coated  Stow 


(oaceat ratio*  Celia.  When  the  electrolyte  ia  not  homogene- 
oua,  the  leaa  concentrated  areaa  of  the  pan  become  the 
anode,  causing  current  to  flow  from  the  metal-to-solution 
at  the  point  where  tie  concentration  ia  low.  and  from 
;oiution-to-metal  when  the  concentration  ia  high.  Concen¬ 
tration  cell  corrosion  usually  takes  place  in  hidden  and 
secluded  areas  such  as  in  crevices  and  beneath  scale  and 
other  deposits.  Two  common  types  of  concentration  cells 
are  metal-ion  cell'  and  oxygen  cells. 

In  a  metal-ion  cell,  variations  in  metal-ion  concentrations  in 
solution  immediately  adjacent  to  the  metal  surface  cause 
differences  in  electrical  potential,  hence  galvanic  corrosion. 
The  lower  the  metal-ion  concentration,  the  greater  '  s  ten¬ 
dency  for  the  metal  to  dissolve;  in  other  words,  th.  mgher 
will  be  its  solution  potential  measured  in  volts.  Metal-ion 
concentration  cells  arc  commonly  associated  with  differ¬ 
ences  in  velocity  between  two  points  on  a  metallic  surface 
where  metal  ions  may  b«-  removed  continuously  at.  one  point 
while  accumulating  at  another. 

Oxygen  concentration  -ell*  are  s'milar  in  nature  to  metal¬ 
ion  cells,  with  variations  in  concentration  of  dissolved  oxy¬ 
gen  causing  differences  in  electrical  potential.  Moist  metal 
surfaces  in  contact  with  air  provide  c  editions  favorable 
for  oxygen  concentration  cells. 

Inaccessible  areas  such  as  cracks,  crevices,  interfaces  be¬ 
tween  parts  in  contact  (such  as  washers  and  fasteners), 
and  those  areas  covered  by  dirt  may  be  at  a  lower  oxygen 
concentration  than  more  accessible  areas.  This  is  because 
the  liquid  (electrolyte)  cannot  obtain  oxygen  as  readily  in 


the  inaccessible  areas.  Dirt  or  othar  surface  contaminations 
aie  responsible  for  localised  pitting,  because  the  contami¬ 
nation  restricts  the  -..eras  of  oxygen.  Figure  13.7.S.8c  illus¬ 
trates  the  effect  of  corrosion  due  to  concentration  cells. 


ANOf* 


CO*»~SION  AT 
ANOOt 


Figure  13.7.3.3c.  Concentration  Cells  Due  to  Dirt,  Cracking, 
or  Scfilo 


Stress  Celia.  When  a  metul  ia  stressed  such  as  due  to  cold 
working,  stress  corrosion  may  occur.  A  common  example  of 
stress  corrosion  due  to  cold  working  ii  at  the  bend  of  sheet 
metal  or  wire  rnd  at  the  point  and  head  of  a  nail  that  is 
cold  formed.  The  cold  worked  area  is  the  ar.ode  and  the 
stress  free  area  is  the  cathode. 

The  atoms  within  the  grain  boundaries  of  a  metal  matrix 
have  a  higher  energy  that  the  atoms  within  the  grain.  In 
a  corrosive  environment,  the  grain  boundary  acta  as  the 
anode  and  the  grain  the  cathode.  Because  of  the  greater 
boundary  area  in  a  fine  grained  metal,  it  is  expected  that 
this  type  of  grain  structure  will  have  a  higher  corrosive 
rate  than  a  coarse  grained  metal. 

13.7.4  Polarization 

Polarisation  may  be  defined  as  the  production  of  counter- 
emf,  i.e.,  it  opposes  the  corrosion  potential  by  products 
formed  or  by  concentration  changes  resulting  from  passage 
of  current  through  an  electro. ytic  cell.  Polarisation  can  alter 
the  potential  of  the  anode  in  the  ca*vodic  direction,  and  the 
potential  of  the  cathode  in  the  a.  ydic  direction,  thereby 
reducing  the  potential  of  the  electrodes.  Anodic  polarisa¬ 
tion  can  be  caused  by  the  accumulation  near  the  anode  of 
metal  ions  going  into  solution,  retarding  the  further  dis¬ 
solution  of  metal  or  even  forming  protective  oxide  fllma  of 
poor  conductivity  on  the  anode.  Cathodic  polarisation  ia  the 
delay  In  the  absorption  of  the  arriving  electrons  due  to  the 
inadequate  speed  at  which  the  cations  are  discharged,  or 
due  to  the  inadequate  rate  of  supply  of  oxidant  to  the 
cathode.  A  type  of  polarization  which  is  irreversible  ia  flic 
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INTERGRANNULAR  CORROSION 
FRETTING  CORROSION 


f I'iniul lot)  i.f  mu  adherent  1 1* >■<■  >  nt  salt  nr  iivhIi'  on  t In-  unoilr 
when  rurivlil  first  flown.  Thin  in  11  form  of  passivation. 

13.7.5  Electrode  Control 

If  in  :i  roluti'  n  of  low  resistivity  I  In*  cathode  in  pohui'cil 
mill  lia  II Iloilo  in  not,  tho  i  ill  .  ollt  flow  wilt  lio  oont  roilcil  by 
the  out  Iloilo.  Under  this  omlition,  tho  ninoiint  of  oonosion 
of  weight  loss  of  tlio  iito  il"  is  imti  pomiont  i  f  t!io  i.ne<h.- 
area,  hut  (ho  intensity  of  attack  will  increase  with  decreas¬ 
ing  nion.  If  tho  oHthixtio  area  is  loilnootl.  (ho  total  galvanic 
ion  onion  of  tho  anode  in  proportionally  reduced.  of  if  tl.o 
HfoH  of  tho  oitthodo  in  inofiinoi'  tho  total  corrosion  of  tho 
unodo  'n  nr opoftioniilly  inoiotinod.  Such  n  nystom  in  con¬ 
sidered  to  ho  tindof  oathodio  oi  ntfol. 

It  tho  h nodo  poluri ton  and  tho  oathodo  doon  not.  tho  synlotn 
in  undo i anodic  oontfol  and  tho  oondit ions  are  oovo  sod  f font 
thimi  tiiidof  oathodio  oi  ntfol. 

If  both  tiio  unodo  und  tho  oathodo  polafir.o  in  olutions  of 
low  fonistivity,  tho  i  iirent  flow  will  ho  oontn  dod  hy  both 
oloot fodos  and  tho  arcus  of  both  olootoodos  will  o foot  tho 
galvanic  oofronion  of  tho  unodo.  If  noithor  olootiodo  polar 
ir.on.  tho  ouffont  flowing  (and  thorohy  tho  corrosion I  will 
ho  controlled  hy  tho  fosistanoo  of  tho  oloi  .lolyto  und  metal 
lio  path. 

Diffusion  oontfol  in  probably  of  greater  importance  than 
tiny  other  f Motor  in  dotormininif  corrosion  rates.  If  a  metal 
in  totally  immersed  in  a  solution  and  tho  area  ot  tho  metal 
is  sufficiently  large,  tho  rate  of  corrosion  is  controlled  by 
tho  rate  at  which  tho  oxidant  diffuses  through  the  liquid-air 
interface  Tho  total  corrosion  loss  will  not  be  increased, 
even  if  the  sixe  of  the  specimen  is  increased.  When  connect¬ 
ing  another  metal  to  the  specimen  no  that  a  galvanic  cell 
is  made,  the  rate  of  oxidant  diffusion  through  the  liquid  air 
interface  is  not  increased.  Therefore,  the  corrosion  of  the 
specimen  will  not  increase  over  that  occurring  on  the  un¬ 
coupled  specimen. 

13.7.6  Corrosion  Fatigue 

Sirens  cycling  and  the  simultaneous  effect  of  corrosion  on 
melals  is  known  as  corrosion  fatigum  The  contributing 
factors  to  corrosion  fstigue  are  corrosion  pitting  and 
crack  propagation.  The  combined  action  of  corrosion  and 
cyclic  stressc:  may  produce  pitting  and  crack  formation. 
Consequently,  propagation  «  f  the  err  k  due  to  cycling 
occurs.  The  mechanism  is  identical  wUu  that  of  a  failure 
from  fatigue  in  which  the  stress  concentration  effects  are 
the  results  of  corrosion.  (See  Sub-Section  14  5.) 

» he  rate  of  corrosion  of  nietal  surface i  is  usually  ct  ntrolled 
by  the  properties  of  the  surface  film.  Under  cyclic  st-essing, 
surface  films  may  rupture  exposing  the  base  m**tuls  to  fur¬ 
ther  corrosive  action.  Secondary  corrosion  products  may  bo 
f  ri  led  which  clog  the  pits  and  retard  diffusion  of  the  oxi¬ 
dant,  forming  a  concentration  cell. 

Surface  coatings  :tay  be  effective  in  limiting  corrosion 
fatigue,  but  if  they  are  to  be  used  te  prevent  corrosion 
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fatigue,  i  hey  must  .idhoie  to  the  base  metal,  withstand  de 
format  101.  winch  t  In  Imse  met  ni  limioi  gm  —  wit  limit  lllptli  e, 
and  should  pn-fi  inhly  be  anodic  to  In  base  metal 

13  7.7  l»tergr,»nnular  Corrosion 

1  lit  el  g  i  o  i  ii  :  on  i.-ion  is  a  i  olid  1 1  ion  of  loen  lir.ed  eoi  losi  ni 
at  tile  gi.nii  bo  nullities  of  a  ine.al  ,ii  at  1 i  x .  It  may  eaiisi 
complete  lailuie  o1’  a  p:n|  a,  weldi'd  joint,  and  may  occur 
ill  some  stainless  stn  I-  and  nickel  ull"'s. 

If  a  high  alloy  IK  K  rtainles:  st"el  is  heated  at  Poll  to  i  ltltl  F 
and  b  -Id  for  a  short  period  of  time,  the  carbon  may  precipi¬ 
tate  a  :  eliioi  iinm  ea "bides.  In  tills  ease,  galvanic  cells  may 
lie  established  on  a  micro  woph  scale,  or  the  carbon  may 
form  chromium  carbide  winch  depletes  the  grain  bound¬ 
aries  of  chromium  and  reduces  tin  corrosion  protection 
loeal'y. 

I ntergrunuliir  corrosion  may  lie  pre'  cubal  in  stainless  steels 
bv  the  following  techniques  : 

a)  Quenching  to  avoid  carbon  precipitation 

hi  .'•’.•lection  ot  steel  with  less  than  0.011  percent  carbon 

ei  Selection  of  steel  with  high  chromium  content 

d>  Selection  of  steel  containing  xtrong  carbide  formers. 

The  last  technique  involves  the  addition  of  titanium.  Colum¬ 
bian!,  und  tantalum.  The  carbon  will  then  precipitate  »s 
titanium  carbide,  columhium  carbide,  or  tantalum  carbide 
at  high  temperatures  and  will  not  deplete  the  chromium 
from  the  steel.  This  technique  is  often  used  for  stainless 
steels  in  welded  structure. 

13.7.8  Fretting  Corrosion 

Fretting  corrosion  is  corrosion  at  the  interface  between  two 
contacting  surfaces,  accelerated  hy  relative  vibration  be¬ 
tween  them  i^f  sufficient  amplitude  to  produce  relative 
motion.  The  slipping  movements  at  the  interface  of  the 
highly  loaded  mett  1  surfaces  destroy  the  continuity  of  the 
protective  films  und  corrosion  nicy  advance  at  a  rapid  rate. 

Fa'iguc  failures  traceable  to  fretting  corrosion  include  air¬ 
craft  engine  parts  such  as  connecting  tods,  knuckle  pins, 
spi'nod  shafts,  clamped  and  bolted  flanges,  und  couplings. 
In  interference  press  fits,  the  products  of  fretting  corrosion 
may  accumulate  in  the  corroded  region  to  such  extent  that 
it  is  difticut  to  disassemble  the  contacting  parts.  Splines, 
ball  and  roller  bearings,  and  gears  have  been  known  to  fail 
because  of  a  loss  of  materials  by  fretting  corrosion.  Fret¬ 
ting  corros'on  has  been  observed  between  such  materials  us 
paper  and  steel,  wood  and  steel,  glass  and  steel,  nnd  between 
many  combinations  of  ntetuls  and  alloys. 

Prevention  of  fretting  may  1h*  accomplished  hy  prevention 
of  slipping.  The  latter  may  he  done  hy  increasing  the  load 
at  the  interface  sufficiently  to  prevent  relative  motions,  or 
by  increasing  the  friction  tw tween  the  interface  by  rough¬ 
ing  the  surfaces.  Corrosive  attack  hy  fretting  is  more  pro¬ 
nounced  in  soft  steels  than  in  hard  steels.  Therefore,  it  it 

13.7.5  1 
13,7.8  1 


ST*m  COHHO'MON 


LhV|i  ONMf  NTS 


.  jn  i»»  t  it  »•  It.  i|t,  i  *  a -»  Ml  ♦»*»»« 1 1  •  »•'  "in  *•*  t"'M; 

lift  IH|i  -ut  Mu  i*  I  III'!  h  .  %  I  IIU'  Mir  i  «.||t  J»«  1 1*  i  'HI 

f  n ,  i  v  tn  pi  f  <ni  finin  n  nt  ;t<  ( iti|*  Muin  uiH  ^irnM\ 
rrtttiil  f  M-tt  iiiiiuiii'i  KiHMi'l*  i*  nN»*  »• 

1 1H  (1#m1  wlli'ti  t  hr  *»nt  tort  MU'  l»«W  t  •  t  i*«l  t « * 

1  net  lit  v  M"Uiiual  *  *i  M"*-  h\  ’.m  h  mn  Imin.  ;* !  « 

Mt  ton*  u*  *hnt  |m  i  MiiiK,  *ui  f  lolling,  hi  *»ut  In*  ••  1 1  nit  m*  mi 
Mich  ns  ntt’Hti’U'  ioui  i  u. ’Un.i/tni; 

13.7.9  Siren  Corrosion  Cracking 

Stir-.*  i  crack i hr  t  s  fmir  tin  t  it  it. >it  inn  of 

r  until,  ii.'il  ii".  »inti  sties*  .mil  .  loiiosivc  it, lack.  mill  muy 
result  in  brittle  tinliiio  nl'  a  tl tie t i It*  nuiti'i  ml  Stress  cii  in 
sioti  n  ut  king  hut  mily  been  nl  served  iti  those  tumult  where 

t  It  if  III1 1'  t  I'tl  till'  st  I  I'S  SI'S  \V  I*  I  |‘  1 1  I  I'tt  II  I  .  Sll  I  f  111' l'  t  I'll*  1 1 1* 

I  cesses  may  result  f  min  »■  x  1  e  t nil  1 1  y  ti|>|>lii'il  hauls  mill  ft, no 
ii'tiduul  stresses,  example*  >f  which  1110: 

\)i)>ln  il  I.  n<l»:  Dealt  loading  tin  h  nt  (tt upcllnnt  storage 
tutii.t,  p rt*t«itii r«*  dilTcrcntiala.  mill  'hernial  expansion  if 
restrained  parts. 

I{>  mtliitil  Si  1 1  mil'll Deformation  of  nietnl  during  assembly 
n'  )i  . rt it  mieh  ut  1  ivi't.s,  linltt  unt!  press  titt;  pliHsi'  changes 
within  metal;  mid  unequal  cooling  nf  metal  section*  front 
high  tcmpcratiii  ,<s. 

Stress  corrosion  cracking  ‘s  always  fiullt  angles  in  ill,' 
direction  of  Ktri'KK.  Stress  11  rosion  enuk:  mil y  cross  grains 
<  tinnsgranulnr  1  nl'  muy  follow  the  grain  hinindiii'ii'K  ( inter¬ 
granular)  .  In  Hluitiimmi  alloy*.  the  stress  corrosion  cracks 
Mf”  usually  intoriff Hiiuliif .  i*"iu'iM t*  |!!.7.V  compares  tin*  i**- 
tiKtmu'i'  to  Ktri'KK  1'iir roxitin  cracking  nf  rolled  bar  und  rod 
in  Koiiir  Hluniiiitini  tilloyx.  Aluminum  nl  toys  2024 01 
T8."il  und  7(>7.VT7:t  uro  11 1 1 , k  recommended  where  greater 
strength  mid  resistance  to  stress  I'ornwiim  cracking  it  Jr 
till'd  Sodium  chloride  und  tropical  mviroiinn'iitK  »,r,'  known 
to  runs,'  cracking  in  i.lumitnim  alloy*.  Stress  corrosion 
cracking  it  mutt  I'Oinmnnly  encountered  in  aqueous  solu 
tiont;  howt'Vi'r,  it  may  orrur  in  liquid  netuls,  moUi'ti  salt*, 
und  organics.  Cracking  failure*  are  not  limited  to  metals; 
for  iiiKtuiife,  uome  exiimidi'K  of  non motallii'x  experiencing 
cracking  failure*  include  polvvinyl  chloride.  plutticK  in 
water  urn!  glu*s  in  air.  Ked  fuming  nitric  acid,  chlorinated 
hydr.icarhonK.  utid  nitrogen  tetroxide  (NO.)  huve  been 
known  t<>  cause  *t less  corrosion  cracking  in  titanium  alloys. 

The  introduction  i  f  a  bleaching  process  to  lemove  the 
impurity  NO  by  producers  of  nitrogen  tetroxide  (N,04) 
for  the  purpose  of  providing  «  purer  product  ,*d  to  xeri- 
oun  stress  corroaion  problem*  with  6AI"W  titanium 
N,04  Whether  free  oxygen,  chloride  <on*  (NOCI  i* 
another  impurity  in  N,04),  or  »ome  other  apecie  provide* 
the  corrosive  environment  for  titanium  ha*  not  been 
determined;  however,  the  addition  of  NO  to  N,04  ha* 
been  found  to  prevent  stress  corrosion. 

Table  j:i.7.9  lists  environments  in  which  stress  corrosion 
cracking  has  been  observirt. 

13.7.10  Corrosion  by  P*opel!ants 

Racket  pri)|u>llantK  present  a  wide  range  of  corrosive  en- 
vironmentK.  (’i.rrusion  can  result  from  contact  of  the  pro¬ 
pellant  v.ith  the  component  containin';  it,  and  from  the 
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i  Hinlonal  .i'll  of  k 1 1 1  |.  it  and  >  apio  ireil  propi  ilui  I  and  atniot 
phern  riiei-liiM  •*•  •*»!  1  ny*  11.  run  tad  wi‘h  txlt-inal  sin  fairs 
Then  are  eases  where  the  ext.  ■  DM  I  elivn  lOitllelll  ei  lit  Mini 
iiaied  hy  propellmil  leakage,  spills,  or  vented  vnpor.  i- 
mole  101  rusive  than  expo.eiii  lo  the  |  'iipellant  it*i  If  N  O  . 
foi  in  tai.ee,  is  iiimpiitihle  with  most  aluminum  alloys  in 
the  anhydrous  f  rm  in  which  it  is  used  as  a  rocket  oxlili/.ei  ; 
however,  alien  vapors  enuseil  liy  N  O,  leakage  eonilutte  with 
ut mosphei  ie  moisture,  highly  col  l  osive  nitric  acid  is  forim  il 
which  an  dntiiMire  exposed  Mir  fans 

K01  tie  some  reaMiii,  cH'e  must  lie  taken  when  selecting 
niMi  'iials  for  comnonents  which  ni'ist  he  suhject.ed  to  water 
Pushing  after  propeilnnt  exposure.  Although  a  eertaln  mn 
terial  nmy  he  eoiiiputihli  with  the  propellant,  it  may  not  he 
coiuput ihle  with  the  residual  formed  lifter  the  propellant 
hi.x  ei.iiduneii  with  water 

Other  important  fuetnrs  tnftuencing  the  suitability  of  mate¬ 
rials  froir.  a  propellant  ,  ,n  rm  rn  standpnint  are  tempera- 
tun.  service  time,  dissimilar  metals,  su  if  ace  oxides,  aid 
piopelliint  purity. 

Table  Id. 7. 10  shows  cermsion  resistance  of  some  common 
metals  ami  alloys  to  rneket  propellants  under  rooi'i  temper 
ature  conditions.  A  more  detailed  tabulation  of  propellant 
compat inility  data  '*■  given  in  Section  1 2.0 .  'Mat  o  ials." 

13.7.11  Corrosion  by  Lubricants 

Metals  are  not  corroded  hy  pure  hydroearbt.n  luhrieants 
hut  mn v  lie  corroded  hy  impurities  or  luhrieant  additives 
which  develop  oil  oxidation  products.  The  oil  oxidation 
products  muy  attack  cadmium  base  and  copper-lead  bear¬ 
ing  metals.  Copper  and  cupper  alloys  may  be  attacked  by 
oxiiiixcd  oil  or  1  any  active  sulphur  compounds  which  may 
‘ie  present.  Lubricants  seldom  attack  steel  and  iron  but 
when  corrosion  does  occur,  it  i.i  usually  the  result  of  the 
use  of  additives,  t .ebrieants,  however,  do  protect  metals 
against  corrosion  caused  by  an  environment  containing 
moist  u  re, 

13.7.12  Corrosion  by  Atmosphere 

Most  metals  can  be  oxidix 'd  by  atmospheric  oxygen.  The 
exceptions  include  the  noble  met.  Is  such  as  gold,  platinum, 
and  silver.  The  water  content  and  the  amount  and  type  of 
pollutants  contained  in  the  atmosphere  have  a  direct  in¬ 
fluence  on  the  degree  of  collusion,  A  moisture  film  must 
lie  formed  on  the  metal  surfaces  for  corrosion  to  start.  Pol¬ 
lutants  dissolve  in  the  moisture  film  und  raise  the  electrical 
conductivity  of  the  electrolyte,  allowing  higher  corrosion 
cttiT'i  nts. 

Pollutants  can  lie  solids  or  gases.  Thi  solids  include  dirt, 
soot,  nitrogen  oxides,  and  salts  such  as  sodium  chloride, 
ammonium  sulfate,  und  ammonium  chloride.  All  th<*  solid 
pollutants  may  be  hygroscopic,  i.e..  collecting  and  holding 
moisture,  which  allow  prolonged  corrosive  action.  The  gas¬ 
eous  pollutants  include  sulfur  dioxide,  hydrogen  sulfide, 
•arbon  dioxide,  hydrogen  chloride,  ammonia,  and  ozone.  The 
most  damaging  gasi>ou8  element  is  sulfur  diogtde. 

Dry  rural  and  unpolluted  atmospheres  are  less  corrosive 
than  industrial  and  marine  atmospheres.  Marine  atmos- 
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pheres  contain  salts,  Much  c>  ammonium  suH».t"  imd  am¬ 
monium  chloride,  which  arc  corrosive  hccnUMC  of  the  r.cids 
produced  by  hydrolysis.  indiiNtriul  ar*>as  often  contain  nl- 
kalicM.  but  while  most  meals  arc  resistant  to  their  corrosive 
action,  tine  and  aluminum  arc  parti  daily  vulnerable  to 
attack  by  alkali,  even  in  relatively  weak  concentrations. 

The  corrosion  nroducta  fo-  nted  on  iron  and  r.itic  arc  hygeo- 
ncopic  and  aggravate  conosior..  Aluminum  corrosion  prod 
ucta  efficient),  protect  the  metal  and  the  rate  of  corrosion 
action  greatly  decreases  with  increasing;  time  of  exp  sure. 
Table  1M.7  12  shows  the  r.dative  corrosivity  of  open  hearth 
iron  exposed  to  atmospheres  at  different  locations  around 
the  world. 


13.7.13  Corrosion  by  Sea  Water 

Sen  water  is  n  pood  electrolytic  conductor,  favoring  local 
cell  action  and  having;  n  high  so’ium  ion  concentration 
winch  promotes  the  development  of  alkalinity  at  cathodic 
areas.  The  high  total  ion  concentration  in  sea  water  lead' 
to  the  c> '  ablisliment  of  Ion  concent  rat  ion  gradients  and  i 
high  content  of  chioiidc  ions,  which  then  lends  to  the  break¬ 
down  of  a  passivated  coating. 


Table  13.7.10.  Common  Resistance  of  Several  Metals  and  Alloys  s 

to  Rocket  Propellants  at  Room  Temperature 

—  SnUhfnt'torv 
UnuHtipfHfiMpy 
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Table  13.7.12.  Relc*‘va  Corroalvlty  of  Atmospheres  et  Di.forent  Locations 

(At  using  <*A«n  haarth  if  or  julmaiu,  2  X  4  X  >4  inch) 

fffi  'fwntnt  «*■((,  permission  iiom  "Symposium  o n  Corrosion  f  uniMwrnf.f's."  0  i.’sunas  and  Stunsbury,  oris 
Cooyftfht  I ;1  V.  t)V  UiuyrrsOy  of  7  .-o/ >evsee  f  ro ss,  Kntnvillr.  fenne  sseel 


1  OCATIONS 

rvet  OF  ATMOSPHERE 

AVERAGE  WEIGHT 
LOSS,  GRAMS 
(IN  ONE  v£AR> 

RELATIVE  CORROSIVITY 

KluuWYiim,  Sudan 

Dry  i,  btnd 

0.10 

1 

Ahiseu.  North  Sweden 

i'll  polluted 

0.445 

3 

Singapore,  Malaya 

Tropical  marine 

1 .30 

0 

Ihiytona  Hutch,  Florida 

Rural 

1.02 

11 

Stat  '  College,  Pennsylvania 

Rural 

3~r> 

25 

Smith  Mend,  Pennsylvania 

Scmi-Knrnl 

4.27 

20 

MiraKoics,  Canal  Zone 
t  Pacific  Side) 

Tropical  marine 

l.fl 

31 

Kure  Keach,  North  Carolina 
(SO.)  feet  from  ocean) 

Marine 

5.78 

38 

Sandy  Hook,  New  Jersey 

Marine,  semi-industrial 

7.34 

50 

Kearny,  New  Jersey 

Industrial  marine 

7.75 

52 

VandergrO’t,  Pennsylvania 

Industrial 

8.34 

50 

Pittslm  rgh,  Pennsylvania 

industrial 

0.05 

65 

Frodinghani,  Hritish  Isles 

industrial 

>4.81 

100 

Daytona  Reach,  Florida 

Marine 

20.43 

138 

Kure  Reach,  North  Carolina 
(So  fee,  from  ocean) 

Marine 

70.40 

475 

Cnlviuur  notion  in  son  water  is  reduced  by  t’io  precipitated 
deposit s  and  by  the  growth  of  marine  organisms.  Calcium, 
magnesium.  and  sirontiuni  which  arc  present  in  sea  water 
tend  to  precipitate  as  carbonates  on  cathodic  surfaces,  and 
marine  growths  tend  to  be  distributed  over  anodic  and 
cathodic  surfaces. 

13.7.14  Corrosion  by  Micro  Organisms 

Micro  organi.  ms  may  contribute  to  com  ’on  by  directly 
influencing  the  rate  of  galvanic  reaction,  changing  the  sur¬ 
face  Jilm  of  a  metal  by  their  metabolism,  or  creating  a  cor¬ 
rosive  environment  or  an  electrolytic  concentration  cell  on 
the  surface  of  a  metal.  Micro  organisms  must  nave  avail¬ 
able  certain  inorganic  and  organic  chemical  elements  such 
as  ox) gen.  carbon,  nitrogen,  hydrogen,  o"  sulfur  which  are 
necessary  to  their  metabolic  processes.  A  number  of  organ¬ 
isms.  however,  are  able  to  develop  in  environments  devoid 
of  coupled  organic  nutrients.  Aerobb  micro  organisms 
’ondily  grow  in  an  environment  containing  oxygen,  whereas 
the  anaerobic  micro  organisms  develop  in  environments  in 
which  the  dissolved  oxygen,  concentration  approaches  7.0-0. 
Anaerobic  micro  organisms  are  of  the  sulfate-reducing  type 
in  that  hydrogen  sulfate  result',  as  a  byproduct  of  bacteria 
1  eduction.  Sulfides  may  be  formed  in  contact  with  metals, 
and  hydrogen  may  he  obtained  from  cathodic  surfaces 

( tther  varieties  of  organisms  such  ns  fungi,  algae,  protozoa, 
d'atoms.  and  hryoz.ou  may  contribute  to  corrosion  by  estab¬ 


lishing  a  microbiological  film  capable  of  maintaining  con¬ 
centration  gradients  of  the  dissolved  salts  and  gases  of  the 
electrolyte  in  contact  with  the  metal.  Coatings  of  paint,  as¬ 
phalt,  concrete,  and  also  cathodic  protection  have  been  suc¬ 
cessfully  used  in  combating  corrosion  resulting  from  these 
organisms. 

13.7.15  Corrosion  Prevention 

Mithods  for  preventing  corrosion  include  protective  coat¬ 
ings,  use  of  inhibitors,  cathodic  protection,  and  p-oper  le- 
sign  techniques. 

13.7.15.1  PROTECTIVE  COATINGS.  Protective  coatings 
include  metal,  chemical  conversion,  organic,  and  ceramic 
coatings.  The  coating  may  act  as  a  mechanical  insulator 
from  (he  action  of  the  environment,  ov  it  may  include  an 
inhibitor  or  passivator  increasing  the  protective  effect  of 
the  coating.  Metallic  coatings  may  be  classified  as  either 
anodic  or  cathodic  depending  on  their  electrode  potential 
relative  to  that  of  the  metal  being  protected. 

Cathodic  coatings  can  only  protect  the  base  metals  when 
they  are  free  from  cracks,  scratches  and  pores;  otherwise 
the  base  metals,  being  anodic,  will  experience  rapid  corro¬ 
sion  of  the  exposed  areas  <  Figure  13.7.3.3b).  Zinc  nnd  cad¬ 
mium  arc  frequency  used  as  coatings  on  steels  and  are  less 
noble  than,  or  anodic,  to  the  steel.  These  type  j  of  coatings 
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may  be  considered  to  be  sacrificial  coatings,  since  the  coat¬ 
ings  will  corrode  r*Lner  than  th*.  steel.  Most  other  coatings 
arc  more  ncble  than  steel  and  do  not  provide  sacrificial 
protection.  To  protect  the  base  metal,  these  coatings  must 
provide  a  continuous  non-porous  area.  The  more  noble  coat¬ 
ings  include  those  metals  cathodic  to  steel  such  aa  nickel, 
chrome,  thj  precious  metals,  tin,  and  lead. 

Organic  coatings  can  provide  high  corrosion  resistance. 
However,  they  cannot  be  used  when  the  service  conditions 
involve  high  temperatures,  abrasive  wear,  or  periodic  re¬ 
surfacing.  Other  organic  coatings  include  paints,  ceramics 
and  glass,  porcelain  enamels,  and  rust  preventatives.  Zinc, 
manganese,  and  iron  phosphate  coatings  are  commonly  u  <ed 
to  retard  corrosion  and  serve  as  a  good  base  for  organic 
coatings. 

Conversion  coatings  are  widely  used  fot  aluminum  and 
magnesium.  They  are  achieved  by  chemically  converting 
the  metal  surface  into  a  metal  compound  (oxide,  phosphate, 
or  chromate) .  The  coating  is  then  integral  with  the  surface 
and  will  not  chip  or  peel.  The  appearance  and  durability 
of  the  coating  depends  upon  the  alloy  and  surface  prepara¬ 
tion.  Conversion  coatings  can  be  classed  either  as  anodic, 
which  are  aluminum  oxide  Alms  formed  by  an  electrochem¬ 
ical  process;  or  non-eiectroiytic  chemical  conversion  types, 
which  are  oxide,  phosphate,  or  chromate  films  formed  by 
chemical  action  only.  The  anodic  coatings  require  dipping 
in  an  electrolytic  bath,  while  the  chemical  types  can  be 
achieved  by  either  immetsion,  spraying,  or  brushing. 

The  electrolyte  for  anodic  coatings  Is  usually  within  sul¬ 
phuric  acid  (the  most  common)  or  chromic  acid.  Chromic 
acid  coatings  are  usually  less  than  0.5  mils  thick,  while 
sulphuric  acid  coatings  of  over  10  mils  are  possible  to 
achieve.  Hard,  thick  anodic  coatings  achievable  with  sul¬ 
furic  electrolyte  are  specified  when  the  highest  resistance 
to  abrasion,  erosion,  and  corrosion  is  needed.  These  coatings 
are  produced  commercially  by  the  Martin  Hard  Coating, 
Alumilite  Hard  Coating,  Sanford,  or  Hardas  processes. 

Common  chemical  conversion  coatings  are  oxide,  phosphate, 
and  chromate  coatings.  They  are  cheaper  and  easier  to  ap¬ 
ply  than  anodic  coatings,  but  rre  considerably  softer  and 
thinner,  ranging  from  0.01  to  4  millionths  of  an  inch. 

Aluminum  conversion  coatings  are  relatively  stable  in  the 
atmosphere  and  in  weak  acidic  solutions  in  the  pH  range 
from  4.5  to  7.0.  In  strong  acidic  and  alkaline  solutions,  con¬ 
version  coatings  or.  aluminum  are  aHacked.  These  coatings 
give  a  good  base  for  paint  coatings,  the  anodic  coating 
giving  increased  adhesicn  and  life. 

13.7.15.2  INHIBITORS.  An  inhibitor  is  any  substance  which 
decreases  the  corrosion  rate  of  a  metal  when  added  in  the 
proper  amounts  to  the  environment  of  the  metal.  Additives 
which  tend  to  increase  polarization  at  the  anode  or  cathode 
areas  are  known,  respectively,  as  anodic  or  mthodic  inhibi¬ 
tors.  Corrosion  inhibitors  retarding  the  anodic  resetior 
cause  anodic  polarization. 
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With  increasing  anodic  polarization,  the  overall  corrosion 
of  a  metal  diminishes.  If  the  corrosion  is  controlled  by  the 
cathodic  reactions,  the  corrosion  current  and  therefore,  the 
amount  of  corrosion,  is  not  affected  by  decreasing  the  anodic 
areas  by  polarization.  In  this  case  the  same  amount  of  cor¬ 
rosion  must  be  distributed  over  a  smaller  anodic  area  re¬ 
sulting  in  an  intensified  localized  attack  or  pitting.  Anodic 
inhibitors  must  ue  employed  in  a  sufficient  amount  to  assure 
complete  inhibition  and  avoid  pitting.  If  anodic  inhibitors 
are  added  in  insufficient  quantities,  they  will  often  diminish 
the  area  affected  more  rapidly  than  they  diminish  the  total 
coriosion  and  thuB  actually  increase  the  intensity  of  attack. 
It  is  for  this  reason  that  anodic  inhibitors  have  been  celled 
dangerous  inhibitors.  Use  of  anodic  inhibitors  should  be 
avoided  in  places  containing  corners  or  crevices  where  re¬ 
placement  is  difficult,  at  points  where  dirt,  sludge,  or  con¬ 
tamination  are  likely  to  collect,  or  where  fittings,  valves, 
and  connectors  are  used. 

Soluble  hydroxides,  chromates,  phosphates,  silicates,  ana 
carbonates  used  to  decrease  the  corrosion  rate  of  metals 
and  alloys  in  an  aqueous  media  are  examp'es  of  anodic  in¬ 
hibitors. 

Cathodic  inhibitors  do  not  prevent  corrosion  as  well  as 
anodic  inhibitors,  for  they  interfere  with  the  reduction  of 
hydrogen  ions  and  the  reduction  of  oxygen  to  hydroxyl  ions. 
The  cathodic  reaction  causes  cathodic  polarization.  The 
cathodic  areas  are  not  attacked  during  corrosion  and,  con¬ 
sequently,  cathodic  inhibitors  do  not  lead  to  intensified  or 
localized  attack.  If  corrosion  is  controlled  by  cathodic  re¬ 
action,  a  decrease  in  the  cathodic  area  due  to  partial  polar¬ 
ization  will  result  in  an  overall  decrease  in  corrosion.  If, 
on  the  other  hapd,  the  corrosion  is  controlled  by  anodic 
reactions,  the  decrease  of  the  cathodic  area  will  increase 
the  cathode  current  density,  but  will  have  no  effect  on  the 
overall  corrosion.  Cathodic  inhibitors  are  safer  than  anodic 
inhibitors,  being  less  likely  to  intensify  attack  if  added  in 
insufficient  amounts. 

Passivators  are  special  kinds  of  inhibitors  which  reduce  the 
electrochemical  potential  of  e  metal  in  a  more  stable  direc¬ 
tion.  Passivity  has  been  attributed  to  the  formation  of  a 
ihin  protective  surface  film.  Anodic  inhibitors  are  more 
likely  to  act  as  passivators,  whereas  cathodic  inhibitors 
seldom  do. 

13.7.15.3  CATHODIC  PROTECTION.  Cathodic  protection 
is  the  reduction  or  prevention  of  corrosion  by  the  use  of 
sacrificial  anodes  or  impressed  current.  Examples  of  sacri¬ 
ficial  anodes  include  aluminum  o1’  magnesium  used  on  under¬ 
ground  pipelines,  zinc  plates  on  ship  hulls,  and  magnesium 
bars  in  hot  water  tanks.  Normally,  sacrificial  anodes  are 
designed  so  that  they  can  be  easily  replaced.  Platings  such 
as  zinc  or  cadmium  coatings  on  steel  are  common  examples 
of  the  use  of  sacrificial  anodes  that  corrode  in  preference 
to  the  base  metal 

By  impressing  a  voltage  upon  a  metal  which  otherwise 
would  be  the  anode,  electrons  are  supplied  so  that  the  metal 


13.7.15  -2 


MEASUREMENT 

TESTING 


ENVIRONMENTS 


become*  th*  cathode  and  corrosion  is  prevented.  Figure 
IS.7.1WS  illustrates  the  application  of  an  impressed  voltage. 


Figure  13.7.15.3.  Use  of  an  Impressed  Voltage  for  Cathodic 
Protection  of  an  Underground  Pipe 


13.7.13.4  DESIGN  TECHNIQUES.  Four  design  techniques 
that  may  be  used  to  prevent  or  alleviate  corrosion  are : 

1)  Avoid  Galvanic  Couples.  Insulate  dissimilar  metals  to 
discouple  metals  electrically  or  to  increase  the  electrolytic 
resistance.  Use  more  noble  metals,  or  metals  close  in  the 
galvanic  series  (Table  13.7.3.3).  Use  only  one  metal  in  the 
design. 

2)  Avoid  Small  4  nodic  Areas  Compared  to  Cathode.  Utilize 
alloys  which  are  cathodic  to  the  main  structure,  especially 
fasteners  such  as  rivets  and  screws.  Avoid  use  of  anodic- 
cathodic  couples  which  do  not  polarize. 

3)  Av^id  Concentration  Cells.  Eliminate  crevices  by  use  cf 
welds.  Use  fluorocarbon  gaskets  between  surfaces  in  con¬ 
tact. 

4)  A uoid  Corrosive  Environments.  Provide  drip  skirt  or 
design  part  so  that  solutions  are  not  collected  because  of 
geometry  (capillarity,  etc.). 

13.7.16  Corrosion  Measurements 

Major  methods  for  measuring  t'.te  amount  and  intensity  of 
corrosion  include  visual  observation,  loss  or  gain  in  weight, 


loss  in  dimension,  change  in  electrical  resistance,  and  change 
in  physical  properties.  No  one  method  has  been  found  ac¬ 
ceptable  for  determining  the  amount  and  influence  of  cor¬ 
rosion  on  specimens.  The  more  common  terms  in  use  for 
measuring  corrosion  rates  are: 

mdd:  milligrams  loss  per  square  decimeter  of  exposed  area 
per  day 

ipy :  inches  per  year 
mpy :  mils  per  year 
ipm:  inenes  per  month. 

13.7.17  Corrosion  Testing 

Corrosion  tests  are  useful  in  studying  the  mechanism  of 
corrosion  and  in  determining  the  environments  to  which  a 
metal  can  be  exposed.  The  salt  spray  test  is  a  performance 
test  for  metals  with  or  without  protective  coatings  and 
serves  as  a  measure  of  quality.  For  most  aerospace  com¬ 
ponents,  the  salt  spray  test  is  mandatory,  and  is  made  in 
accordance  with  MIL-E-6272  specification.  Other  tests  in¬ 
clude  to*al  immersion  tests  where  the  metal  is  immersed  In 
a  solution ;  alternate  immersion  tests  where  the  test  speci¬ 
men  is  cyc.lcally  immersed  in  the  corroding  tolution;  high 
temperature  t'sts ;  galvanic  coupled  tests;  high  humidity 
and  condensation  tests;  soil  corrosion  tests;  atmospheric 
exposure  tests,  and  sea  water  corrosion  tests. 

An  accelerated  corrosion  test,  one  that  could  be  used  to  se¬ 
lect  the  most  suitable  material  in  a  corrosive  environment, 
has  been  sought  after  by  many  investigators.  Attempts  to 
develop  such  a  test  have  failed  primarily  because  certain 
corrosive  conditions  have  been  .ntensifled  in  order  to  cause 
severe  corrosion  in  a  short  period  of  time,  thereby  changing 
the  nature  of  environment.  There  is  also  a  difference  in  the 
behavior  of  metals  in  various  environments,  which  an  ac¬ 
celerated  test  would  find  difficult  to  interpret  in  terms  of 
the  actual  service  of  materials. 
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14.1  INTRODUCTION 

14.1.1  SYMBOLS  AND  UNITS 


14.1  INTRODUCTION 

Tb'a  Motion  of  the  handbook  contain*  fundamental  equa¬ 
tions,  data,  criteria,  and  procedures  applicable  to  the 
structural  deafen  of  fluid  components.  It  la  presumed  that 
the  reader  haa  a  working  knowledge  of  strength  of  matwlala 
and  of  mechanical  engineering  deafens  therefore,  emnHada 
haa  dean  placed  upon  preeantlng  fundamental  deafen 
Information  normally  obtained  from  a  variety  of  sourest. 
The  application  of  atrma  and  deflection  analysis  techniques 
to  am<*r%os  fluid  component*  h  treated  horn  two  point* 
of  view: 

a)  What  doe*  the  daefenar  need  In  order  to  properly  deafen 
or  select  a  component  which  Mil  structurally  meet 
functional  requlreraontaT 

b)  How  can  the  daafener  determine  when  a  oomprehanalve 
inalytSa  by  a  atreao  analyst  should  be  performed? 

To  complement  the  material  contained  In  this  taction, 
Appendix  A.4,  Section  Properties  end  Momenta  of  Inertia, 
wUlbe  added  to  the  handbook. 

14.1.1  Symbols  and  Units 

The  symbols  and  units  used  in  thia  section  are  defined  on 
the  foldout  sheet  at  the  end  of  this  section.  The  basic 
symbols  common  to  the  aerospace  industry  and  used  In 


auoh  documents  as  M1L-HDDK-6A  (Astcrencs  547-12)  are 
used  throudtout  thia  sectioii.  A  number  of  different 
symbols,  especially  for  denoting  stress,  ere  presently  found 
In  engineering  pmrtfos.  Some  of  theee  designation#  ate 
shown  in  Table  14.1.1 


|4  a  fl  AlteMaedn  at^aagl^M  g*# 

i  sbm  iw*  i*i*  Wsmnwia  tvWimn 
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Strem 

Strain 

A* 

Be* 

C 

D 

E 

A* 

B** 

*x 

°xx 

*x 

«** 

•x 

«x 

1 

fy 

°P 

°yy 

Yy 

syy 

*y 

*y 

2 

f. 

o_ 

a 

z 

• 

t 

■ 

X 

HI 

» 

** 

X 

a 

*exy 

f*y 

°xy 

*y 

•ay 

V 

J 

faya 

ryx 

Y. 

»n 

y* 

fmx 

rax 

°xx 

*x 

-*ax 

•ax 

+  • 

•sx 

*Mm(  commonly  u*ad  in  aerocoece  work  and  uted  In  thi.  taction 
of  Urn  handbook 

••Moat  commonly  iucd  in  general  anstnaaring 
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14.2  APPLICATION  TO  COMPONENT  DESIGN 

A  distinguishing  chamotaristte  of  the  sueoearful  component 
dssfenar  is  his  appreciation  of  precisely  how  detailed  an 
analysis  should  be  performed  of  streams  end  deflections  In  a 
component  This  sut- section  endeavors  to  complement  this 
appreciation  by  pres  so  ting  some  bask  criteria  relating  to 
the  application  of  strem  anrhrats  to  the  design  of  aerospace 
Juid  components. 


mueo:  mov s msc h  isos 


14.2.1  Basic  Dscfejn  Crtorla 

14.11.1  LOAD  DETERMINATION.  The  analyst,  of 
stresses  and  deflections  of  any  structure  can  be  no  more 
accurate  than  the  estimate  of  rile  condition  of  loading. 
Evaluation  of  all  tha  load  considerations  listed  below  can 
help  to  prrdude  failures: 

Pressure  Loads.  Are  both  yteld  strength  at  proof  pressure 
and  ultimate  strength  at  bunt  pressure  evaluated?  Are  peak 
pmaeuMS  from  surgse  end  transients  such  at  uwfer  hammer 
considered? 

Vibration  Loads.  Are  vibration  loads  under  the  wont 
anticipated  conditions  added  to  any  static  and  dynamic 
loads  which  may  occur  simultaneously?  Do  vibration  loads 

[nueent  a  fatigue  problem  (especially  for  otherwiM  steady* 
oed  applications)? 

Acceleration  Loads.  Is  the  influence  of  acceleration  upon 
mating  hardware  as  well  as  upon  the  component  element 
itself  considered? 

Thermal  Expansion  Loads,  b  dir  entire  thermal  transput 
of  the  system  superimposed  over  other  system  loads?  (In 
many  rocket  «npne  applications  tha  most  severe  thermal 
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eotidlUe'H  for  fluid  component*  occur  during  puet-dre  hunt 
soak.)  la  tfumul  npuMion  (contraction)  of  mating  com* 
ponenta  tracked? 

Thmul  Stresses.  Ara  thermal  strain  resulting  from  steep 
thermal  padients  alao  evaluated? 

Eccentric  Load*.  Maa  the  Influence  of  eccentric  load 
application  or  the  misalignment  of  component  element* 
bean  eonaiderad? 

hoBUdw  Deflections.  Preliminary  drsig  analyst*  (Urta 
with  the  unstrained  configuration;  has  U.  poaribility  of 
load  amplification  resulting  from  the  daformed  (loaded) 
condition  been  eonaiderad? 

Internal  Loada.  Are  internal  force*  from  springs,  bolts, 
p  re  satirised  bellows,  and  diaphragms  evaluated? 

Residual  8 Inset*.  An  all  r  aldual  straaaaa  considered,  such 
aa  those  from  shrink  or  press  file,  cam  hardening,  grinding, 
lipping,  shot  pcening,  surface  rolling,  and  autofirattaga? 

Combined  Loada.  Are  all  simultaneously  occurring  loads 
eonaiderad  aa  combined  rather  than  Individual  loads? 

Transput  Loads.  Have  all  transient  load  condition*  been 
evaluated  to  ensure  that  a  tree*  or  deflection  at  maximum- 
load  conditions  la  known?  (Note  that  in  some  applications 
with  I  ergs  temperature  change*  it  may  be  necessary  to 
drisnUns  margins  of  safety  at  high  temperature,  low 
strength  conditions  even  though  loads  ara  not  of  maximum 
value  at  the  high  temper*  ura.) 

tl.2  1.2  FAILURE  CRITERIA.  A  satisfactory  flulo  com¬ 
ponent  design  should  evaluate  the  four  potential  failure 
modes: 

a)  Pupture  failure  (exceeding  ultimate  strength) 

b)  Elastic  failure  (exceeding  yield  ft  i ength ) 

c)  Instability  failure  (buckling) 

d)  Stiffness  (rigidity/flexibility)  failure  (functional  rather 
then  structural  failure). 

The  calculation  of  prwsura  vassal  burst  pleasure  wing 
material  ultimate  tensile  strength  is  an  example  of  the  use 
of  the  rupture  failure  criterion,  whereas  the  calculation  of 
proof  pressure  using  yield  strength  is  zn  example  of  the  use 
of  the  elastic  failure  criterion.  This  distinction  applies  to 
the  usual  ductila  material-,  of  construction;  brittl*  materials 
show  essentially  no  differentiation  between  the  yield  and 
rupture  points  on  a  streaa-sirain  curve.  Table  14.2.1.2  lists 
factors  influencing  the  type  cf  failure;  in  general,  brittle 
materials  always  exhibit  brittle  failuia  (i.o.  shear  or 
diagonal  tension),  whereas  ductile  material*  can  fai*  by 
brittle  fracture  under  certain  conditions.  Stiffness  failure 
refoir  to  the  deformation  of  the  component  structure  In 
response  to  the  applied  load  with  the  result  that  the 
component  fails  to  perform  its  required  function  even 
though  no  rupture  or  plastic  deformation  occur*  The  moat 
common  examples  of  such  stiffness  failure  are  elastic 
deflections  under  loads  which  result  in  seal  leakage, 
excessive  power  requirements,  or  poor  response 
characteristics. 

Rupture  (Ultimate)  and  Elastic  (Yield)  Fslhira  Cri¬ 
teria.  The  stress,  f,  at  a  point  U  completely  defined  by  It  ire 
components  of  stress  or  by  three  principal  streeeaa  aa 
follows: 


TsWe  14.2.1.2.  f  aaser*  IwMuewelag  Type  ef  Pag  ora  tar  teasels 


Conducive  to 
Ductile  Failure 

Conducive  to 

Brittle  Failure 

High  shear  straws* 

High  tensile  straw  is 

Low  tJMile  str  sms 

Low  shear  streeeaa 

High  temperature 

Low  temperature 

Slow  rate  of  loading 

High  rate  of  loading 

High  straw  c  oenan  traricna 
(notehee,  holes,  ate.) 

Repeated  loada  (fatigue)* 

'Although  the  formation  of  fatlgM  cracks  is  sctuaRy  die  -vault  of 
pfawtlr  action,  the  final  fafirna  will  generaly  be  of  a  brittle  nature 
(see  Sub-Section  14.5). 


f. 

0 

O' 

f.yx 

^sys 

= 

fl 

fa 

0 

Jua 

U 

0 

0 

U. 

where 

f  -  internal  stress  (ur  tally  expressed  in  pal) 

and  where  the  subscripts  x,  y,  s  Identify  normal  straw 
components;  sxy.  rat,  sy*.  ay*,  amt,  aay  identify  shear  stress 
components;  and  1,  2,  S,  idenufy  principal  straaaaa. 

A  failure  criterion  can  be  simply  a  mathematical  relation 
among  these  street  components  which  states  that  failure 
may  ha  expected  whan  a  certain  combination  of  the  straw 
components  attains  *  critical  value.  Such  a  simple  mathe¬ 
matics  formula  based  on  the  straw  atate  alone  la  called  a 
phenomenological  theory.  For  uniaxial  tension  or  com¬ 
pression,  or  for  pun  shear,  the  failure  criterion  is  simply 
the  limiting  value  of  the  corresponding  material  strength 
(ultimate  for  rupture  and  yuda  for  waath;  failure).  For 
combined  stows*,  however,  the  most  common  phanomano* 
logic*!  theories  uaad  today  ara  (Reference  152-7): 

s',  Maximum  Tenrik  Sham  Thaory  (also  called  Rankins 
Theory).  Application:  brittle  materials.  Principal  straw 
mathematics.'  form: 

f,  »  F,  (■*  14.2.1.24 

where 

f  i  ■  principal  straw  In  the  f,  direction,  pel 

F,  ■  failure  strew  or  allowable  straw  In  simple  tension, 
either  ultimate  tensile  strength,  F|u,  or  yielu 
tensile  strength,  Fty,  pal. 

b'  Maximum  Tamila  Strain  Thaory  (also  called  8t 
Variant's  Thaory).  Application:  bristle  material*.  Prin¬ 
cipal  straw  mathematical  form: 
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* ,  -  P(f,  +  < t )  *  F ,  «N  t4.At.lM 

«bm 

|4  »  Poltw'i  ratio 

f  }  "  principal  itmi  in  (ba  f,  UnMiofl 


f  j  -  principal  atm**  in  the  f  y  dlnoHon 

e)  Maxim* m  Shear  Stem  Theory  (also  caMad  Coulomb 
’theory  or  Traem  Oita*  ion),  Application:  ductila  ma ta¬ 
il  ala.  rrinmpte  Mwi  mthtuitkal  form: 

f,  -  f,  *  Tf  (M  14.3.1. Sd 


d)  Maximum  Strain  Energy  Theory.  Application: 
ptaaticafly  {tomb*  nollda.  Principal  atram  mam  smartest 


(NMAUd 


a)  Diatortion  Energy  Theory  (alao  ea>*d  Smk  "nirp 
Thaorjr  and  wa  Mtaaa  Hoochy  Theory).  rtppMnartrnr 
ductile  matartala  Principal  Mam  mnth  amaticd  form: 


(N  MAIM 

Note:  The  distortion  aaup  theory  ia  primarily 
applied*#  to  yidd  atnaph  fafluaa.  Tba  (Uatorttoa 
energy  t tnaj  ba  uaad  for  ultimata  Salnn  with 
brittia  tutorials,  prowidad  ona  of  tba  physical  banaa 
othar  thxr  distortion  enacgy  la  uaad,  as,  lor  axmnpla,  tba 
limiting  nliaa  of  octahadral  ahaar  atraaa  (RaCamnca 
861-1). 

0  Internet  friction  Theory.  AnuUea'ion:  brittia  matartala. 
Principal  atraaa  mathematical  fora: 


ahna 

at  ■  t»Vli  (f  *  co  .(Orient  of  Motion;  thh  tbaory  la 
poatnUtad  on  tba  aw  uapioa  of  a  Motional  nab- 
tanea  to  dWaf  on  a  /tana  of  abaac.) 

S)  Mohr  Theory.  Application:  brittia  matariak  (allows 
adJuatabU  ratio  ot  ultimata  compcaaatva  strangth,  Fcu. 
to  ultimata  tanaila  strength,  F,u).  Mathamatical  form: 


V 

tu 


(M  *<A1M 


If  tba  Mobr  theory,  Man  la  daflnad  by  tba  anualnpa 
to  tba  Mobr'a  ciralaa  representing  fsMura  Cor  diffarw* 
abba  of  atraaa.  lb*  internal  Motion  theory  b  a  ■tidal 
caaa  of  Mabib  theory. 

h)  Octahedral  Shear  Theory.  Application:  brittia  matartala. 
biaxial  atraaa,  ultimata  etreagtn  blatbamatlcal  form: 

f\  -  ( ,  f,  +  *  Ffy  l«ti  14.3.1JM 

A  comparieon  of  tba  ahaar  strength*  computed  bp  tba  tint 
six  fail ura  tbaoriaa  ia  pnn  bw  Marin  (Refereaee  661-1)  for 
tba  typical  caaa  of  ?tv  -  0.8  Fcy  and  ft  “  0.80.  For  drear 
atraaa,  f,  -  and  tba  foUouriag abaar  strength  aaiuaa 

corresponding  to  tba  various  tbaoriaa  ara  obtained: 

a)  Maximum  tensile  atraaa  tbaory :  f,v  ■  Fty 

b)  Maximum  tanaila  strain  theory :  f,y  ■  0.80  Fty 
e)  Maximum  abaar  strata  tbaory:  f|(  -  0.77  Ftv 
d|  Madmens  strait.  energy  tbaory:  fiy-0.«lFt> 

•I  Platortton  amp  tbaory:  fiy  •  0.877  Ffy 

0  Intamal  friction  diaory:  fly-0.88Fty 

Tba  choice  at  tbaory  for  a  particular  design  application 
dap  an  da  lnryaly  upon  tba  aPai*  of  tba  combined  atraaa.  An 
aaarjpla  of  tba  Uastal  atram  cam  b  abovm  in  Fimun 
14.1.1.1a,  from  cTuta b  it  aaay  be  aaan  that  tba  them 
tbaoriaa  coin  cl  da  tidy  riordy  In  the  flnt  and  tbbd  atraaa 
qua  drama.  In  tba  aacond  and  fourth  quadrants  only  tba 
maximum  abaar  riaeaa  aaad  distortion  energy  tbaoriaa  dxwld 
ba  uaad.  Tbam  la  conaldarabli  tbaoratical  and  oxparimantal 
uvtdaama  that  tba  diatortion  earner  tbaory,  aabla  not  tbr 


?M  ■  ultimata  atram  In  „Mte  abaar,  pal 
Fcu  «  ultimata  comptcarim  atraaa,  pal 


npnMAUt  Sties*  Quadra  a  W  ia  Tme-Ohmmleari  Caaa* 

rAmamtod  teed* da  matMaiaaLau  ^^m  m-e - mtin  a 

vw  wmmi  ptm  srwff  nflWROP  BMr  f. 

Engineering  Oeaign.~  J.  H.  Feupet,  Whey.  1964) 
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most  conservative,  is  the  most  fundamental  if  'hr  strength 
theorise  (Reference  598-1).  Hie  following  example  demon¬ 
strate*  the  use  of  the  various  failure  theorise. 

Sxampls.  A  dosed  cylinder  2.0  nches  in  diameter  with  a 
wall  thickness  of  0.020  inch  is  subjected  to  an  internal 
pressure  of  600  psi.  Neglecting  Poisson’s  ratio,  what  are  the 
stress  level*  using  the  maximum  tenth*  stress,  maximum 
shear  stress  and  distortion  energy  theories? 

(hoop)  fh  =  f,  =  1~ 


(longitudinal)  fg  “  f2  = 
(radial)  Cf  =  f 3  =  0 


Because  the  principal  stresses  are  both  tensile  (first  quad¬ 
rant  of  Figure  14.2  1  2a),  the  maximu~i  tunsiie  stress  and 
maximum  shear  stress  theories  give  the  same  result*  . 


500  x  1.0 
0.020 


=  25,000  psi 


The  distortion  energy  theory  solution  is  expre  *d  by 


VrVpr_  V5  x  500  x  1.0 
2t  2  x  0.020 


21,600  psi 


be  demminud  from  different  physical  characteristics  v»hen 
this  r  -pa  of  failure  can  be  expected.  For  materials  which 
have  s  7 try  small  spread  between  the  proportional  limit  and 
the  yield  street,  tire  plastic  Instability  failure  occurs  in  auch 
a  narrow  range  that  it  is  not  very  Important,  but  In 
materials  which  have  a  considerable  spread  between  these 
two  prv.-jM  .trea,  the  plastic  Instability  failure  may  be  as 
important  aa  the  elastic  instability  failure. 

In  studying  any  tractural  member  it  is  important  to  avoid 
confuting  the  different  types  of  failure,  particulrriy  where 
inetnbility  It  expected  to  be  important.  In  general,  moat 
members  houtd  be  first  in  castigated  from  the  standpoint  of 
exceeding  allowable  stress  (failures  of  material).  They 
should  then  be  chocked  separately  for  their  resistance  to 
primary  instability  failure.  Members  which  are  cuspectsd  of 
being  weak  in  lesisting  local  instabillt”  should  also  hi 
checked  for  this  third  possible  type  of  failure.  Whichever 
type  of  failure  gives  the  lowest  strength  should  be  used  as 
the  criterion  •'  i  design. 

Primary'  Instability  Failure.  A  column  may  fail  through 
primary  instability  by  bending  laterally  or  by  twisting 
about  some  axis  parallel  to  its  own  axis.  The  latter  type  of 
primary  failure  is  particularly  common  to  columns  having 
unaymmetricai  open  sections.  The  twLting  failure  of  a 
cloaed-'ection  column  la  precluded  by  its  inherently  high 
torsional  rigidity.  Moat  fluid  component  members  are  -.f  a 
closed-section  .orm  and  therqiore  are  more  susceptible  to 
lateral  bending  instability  than  to  twisting  column  failure. 

The  Euler  formu'a  for  long  columns  which  fail  by  lateral 
bendinr  is  given  by 


(Eq  14.2.1.20 


lu  this  particular  example  the  distortion  energy  theory 
results  in  a  stress  level  of  only  86  percent  of  that  obtained 
with  the  maximum  tensile  stress  and  maximum  shear  stress 
theories. 

Instability  Failure  Criteria.  (Note:  This  treatment  of  insta¬ 
bility  failure  criteria  has  been  largely  adapted  from  MIL- 
HDBK-5A,  Reference  *>47-12.)  Practically  all  structural 
members,  particularly  those  made  from  thin  material,  a is 
subject  to  failure  through  instability.  In  general,  instability 
can  be  classed  as  eriher  primary  or  local.  For  example,  the 
failure  of  a  tube  under  compression  may  occur  either 
through  lateral  deflect’ 3n  of  the  tube  as  a  column  (primary 
instability)  or  by  '-oliapae  of  the  tube  wall  at  a  stress  lower 
than  that  required  to  produce  a  general  column  failure.  It  is 
obviously  necessary  to  consider  both  types  (primary  and 
local)  of  instability  failure,  unless  it  is  apparent  that  the 
critical  Had  for  one  type  is  definitely  less  than  that  for  the 
other  type. 


where 

Fr  “  allowable  compressive  stress,  psi 

c  -*  fixity  coefficient,  dimeasi  nless 
E  -  modulus  of  elasticity,  psi 
L  *  column  length,  in. 
p  ■  radius  of  gyration,  in.  (p  ■Vl/A) 
L'  “  L/Vc^.  in. 


Instability  failures  may  occur  in  either  the  elastic  range 
(below  the  proportional  limit;  or  in  the  plastic  range  (above 
the  proportional  limit).  To  distinguish  between  theo®  two 
types  of  ac*ion,  if  is  not  uncommon  to  refer  to  t’lem  a*v 
elastic  instability  failures  and  plastic  instabH’ty  failures.  It  is 
important  to  note  that  instability  failures  are  not  usually 
assoc:\ted  with  the  ultimate  stresses  of  the  material.  This 
point  also  r.as  a  bearing  on  the  choice  of  material  for  a 
given  type  ot  <  onstruction,  as  the  strength-weight  ratio  will 


In  this  equation  the  term  L  ‘to  is  ‘he  effective  slenderness 
r  tio.  Figure  14.2.1.2b  shows  Euler  cvrvea  of  allowable 
compressive  stress  versus  effective  slenderness  ratio.  If  the 
applied  comprcMtve  stress,  fc,  exceeds  the  allowable  com¬ 
pressive  stress,  Fc,  determined  from  Figure  14.2.1.2b,  the 
column  may  be  expected  to  fail  by  elastic  instability.  In 
Equation  ( 14.2.1. Mi),  the  value  to  be  used  for  tne  restraint 
coefficient,  c,  depends  on  the  degree  of  end  fixation.  The 
true  significance  of  the  restraint  coefficient  is  best  under 
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Figure  14.7,1.2b.  Euler  Column  Curvet 
(Adapted  with  pormMon  from 
Reference  730-1,  “Strmsth  of 
ftatorMt",  F.  ft.  Sfronhy.  McQmwHUt. 
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•tood  by  considering  the  and  rwtnint  aa  modifying  the 
effective  column  length,  w  indicated  in  Equation 
(14.2,1.?*).  For  a  pin -ended  column  having  aero  end 
restraint,  c  «  1.0  ini  L  -  L.  A  fixity  coefficient  of  2 
corresponds  to  a  reduction  of  the  effective  length  to  1/V5 
or  0.707  timea  the  total  length.  Typical  valuoa  of  c  ate: 

a)  Pin  ends,  bee  but  guided:  c  » 1 

b)  Both  enda  fixed:  c  ■  4 

')  One  end  fixed,  other  bee  but  guided:  c«2 
d)  One  end  fixed,  other  bee:  c  “  0.25 

If  the  length  of  a  column  la  reduced  below  a  certain  critical 
value,  failure  in  lateral  bending  will  occur  at  loada  below 
shoes  predicted  by  the  Euler  formula  This  ia  due  in  (treat 
part  to  a  reduction  in  the  effective  value  of  E,  cauaed 
primarily  by  changes  in  the  alope  of  the  etna-strain 
diagram  when  the  etna*  ia  ibove  the  proportional  limit  and, 
secondarily,  by  unavoidable  eccentric! tie*.  In  thi*  region, 
tit*,  teat  reaulta  mow  mom  acatter  than  in  the  Euier  range, 
and  empirical  formulae  for  predicting  the  allowable  column 
atraei  am  often  adopted  When  a  definite  eccentricity  e-dab, 
the  critical  column  loada  am  reduced  due  to  the  combined 
effects  of  axial  load  and  bending.  Special  formulae  for  and) 
cams  can  be  found  in  aonic  i  such  aa  Refereneea  1-3 4  3, 
461-2,  533-1,  508-1,  720-1,  and  734-1.  Short-column 
failure  can  alao  be  erpreaaed  by  the  modified  Euler  formula 
In  which  the  elaatic  modulus  is  mplaced  by  an  affective 
modulus  E aa  in  the  following  equation: 


where 

F“c  -  allowame  com  prewive  strata,  psi 
hf  »  effective  modulus  of  eUsricity,  psi 


Figure  14.2.1.2c.  Retatiorahip  Between  Modulus  of  Ileetlctty, 
8 aewrt  Modulus,  and  T a. went  Modulus 


L  'Ip  “  slenderness  ratio,  dimension] e« 

TTils  equation  haa  come  to  have  much  practical  importance 
in  recent  ytin  in  determining  the  sliort-column  curve;  note 
that  an  effect! "to  modulus  equal  to  the  tangent  modulus  can 
usually  be  used  to  compute  failing  streaaes.  Th?  value  of  the 
tangent  modulus  at  any  given  compressive  stress,  Fc  can  be 
determined  from  atreaa-atrain  curves  for  the  material,  aa 
shown  in  Figure  14.2.1.2c.  The  tangent  modulus  may  be 
thought  of  as  a  measure  of  the  instantaneous  resistance 
against  an  increase  in  strain  (Reference  720-1). 

The  upper  limit  of  the  allowable  column  stress  for  primary 
failure  ia  called  the  column-yield  stress  and  is  designated 
Fco.  It  can  ba  determined  by  extending  the  sl.ort-column 
curve  to  a  point  corresponding  to  aero  length,  ignoring  any 
tendency  of  the  curve  to  rise  rapidly  or  pickup  for  very 
short  lengths.  The  short-column  curve  used  in  determining 
Fco  should  be  obtained  bom  tests  on  specimens  having 
geometrical  proportions  such  that  local  f  lure  ia  precluded 
except  for  very  low  values  of  L  Ip.  When  the  column-yield 
•tress  is  reached,  the  walls  of  the  column  will  tend  to 
buckle  unless  restrained  by  extreme  shortness  or  by  the 
application  of  lateral  restraining  femes.  In  some  cases, 
however,  if  the  specimen  has  not  been  allowed  to  buckle, 
the  stress  above  this  value  may  be  increased  considerably. 
Because  of  the  danger  of  buckling  when  the  column-yield 
stress  it  approach  vd,  the  latter  should  be  considered  as  the 
limiting  stress  for  all  columns.  The  column-yield  stress  is 
determined  mainly  by  the  nature  of  the  compressive 
stress-strain  diagram  of  the  material.  When  the  material  haa 
a  definite  yield  point  in  compression,  this  value  may  be 
assumed  for  the  column-yield  stress.  However,  few  aero¬ 
space  materials  have  a  sharp'y  defined  yield  point  In  such 
cases,  it  is  usually  possible  to  determine  the  column-yield 
stress  et  s  function  of  either  the  tensile  or  corr  preesive  yield 
stress.  Column-yield  stresses  for  various  materials  are  given 
in  Reference  547-1 2. 

Local  Instability  Failure.  The  upper  limit  of  the  allowable 
column  stress  for  local  failure  is  called  the  crushing  o? 
crippling  stress  and  it  designated  Fcc.  The  crushing  straws 
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of  round  tub*#  aut-vjct  to  plastic  failure  genenCJy  can  be 
axpieamd  by  a  modified  "cis  of  the  aquation  tor  tha 
buckling  of  a  thin-walled  cylinder  >n  compression,  aa  given 
below: 

„  K  vlSE7 

F  c  =  —fiji —  IM  i4.*.i.aw 

whew 

Frc  *  allowable  crushing  or  crippling  street,  psi 

K  «  a  constant  (aee  text) 

R  ,*  medulla:  of  elasticity,  psi 
E’  -  effective  modulus  of  elasticity,  psi 
D  “  diameter  of  tube,  in. 
t  -  thickness  of  tube,  in. 

The  effective  modulus,  E  ’,  cut  be  determined  from  the  basic 
column  curve  for  primary  failure  by  the  method  given 
above  for  sho-t  columns.  Aa  the  value  of  the  effective 
modulus  corresponds  to  a  given  value  of  stress,  it  usually  is 
convenient  to:  assume  a  value  of  Fcc;  compute  the 
corresponding  value  of  E and  substitute  these  value#  into 
Equation  (14.2.1.2k)  and  solve  for  D/t.  This  latter  value  is 
the  D/t  at  which  crushing  will  occur  at  the  assumed  stress. 
Values  of  the  constant,  K,  usually  must  be  determined 
empirically,  but  Shanley  (Reference  720-1)  lists  the  theo¬ 
retical  value  of  K  aa  1.2  while  showing  test  data  yielding  a 
range  of  0.4  to  0.63.  Aa  noted  above.  Equation  (14.2.1.2k) 
applies  to  plastic  failure,  i.e.,  for  stresses  above  the 
proportion!  limit  In  the  case  of  thin-walled  tubes  which 
fail  locally  et  a  trasses  below  the  proportional  limit,  the 
initial  eccentricities  am  likely  to  be  relatively  larger  and  the 
constant  should  be  suitably  reduced. 

Additional  Colun.n  Data.  The  references  at  the  end  of  this 
section  include  numerous  tables  of  elastic  stability  for 
various  column  tactions  as  well  ur  a  variety  of  other  data 
useful  to  the  designer.  Reference  698-1  includes  a  compre¬ 
hensive  discussion  of  plastic  column  instability,  and 
Reference  736-1  presents  an  excellent  basic  treatment  of 
the  technique#  <o»  determining  column  dimensions. 

Buckling  of  Thin-WalUd  Vessels  by  Intamai  Prat- 
tun.  Reference  69'M  treats  situations  when  tubes  sub¬ 
jected  to  internal  praasu.e  tan  fail  by  buckling.  One  caae  is 
hydraulic  tv.bing  loaded  by  a  piston  as  shown  in  Fig¬ 
ure  14.51.1. 2d.  The  force  P  due  to  the  internal  pressure  is 

P  =  irr*  p  (iq  14.2.1.21) 

where 

P  “  axial  forte  resulting  from  pressure,  lhf 
r  »  internal  radius  o'  cylinder,  in. 
p  •'  internal  pressure,  psi 


Flyura  14.2.1.M.  BueWHf  ef  Thin  Welled  Cylinder  Under  Internal 
Fresmra  from  PMon  Aedsn 
(Adapted  with  parmktioa  from  Paftranca  899-1 , 

"Cngfneerfng  Dnign?  J.  H.  Puupal.  m**  19041 


The  Euler  buckling  load  is 


where 


(Kq14.Z1.2m) 


P£  ■  critical  axial  (compressive)  force,  ffcf 


As  the  pressure  is  IdcnomI  s  critical  value  of  P  at  which 
buckling  occurs  is  reached.  Because  of  tho  piston  arrange¬ 
ment,  the  tube  walls  do  not  support  axial  loads  in  the 
example  of  Figure  14.2.1.2d.  However,  the  bending 
moment  is  carried  by  the  tubj  walls,  s-<d  since  buckling  is 
due  to  the  lateral  displacement  which  result*  from  the  , 
bending  moment,  the  critical  load  for  the  tube  is  the  same 
as  for  &  column  which  carries  the  axial  load. 


E  *  modulus  of  elasticity,  psi 

I  ■  moment  of  inertia,  in* 

L  “  length,  in. 

Therefore  the  critical  'ntemai  pressure,  from  Equation 
(14.2.1.2!)  is 


( 


( 
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D  ir’Etr 

PM  =  -jy-  ICq  14.2.1.2n) 

where 


Combined  Loading  instability  Failure.  In  practice  most 
instability  and  buckling  analyw-s  of  combined  loading  la 
bawd  upon  the  margin  of  safety  aa  dskcribvd  in  Dab'll  d 
Topic  14.2.1.3. 


Pcr  -  critical  internal  priwure,  pal 
t  ®  cylinder  wall  thichn*»a,  in. 

Banding  Instability  Failurt,  Failure*  of  round  tubas  whan 
subjected  to  banding  am  usually  of  the  plastic-instability 
type.  In  such  cases,  the  criterion  of  strength  is  the  modulus 
of  rupture  as  dortvsd  from  teat  results  through  the  use  of 
Equation  (14„2.1.2o). 


F*  i  “z 


(Kq  14.2.1.2a) 


where 

Fb  -  modulus  of  rupture  In  bending,  pel 

M  "  applied  bending  moment,  in-lb; 

y  -  distance  from  neutral  axis  to  given  (outermost) 
fiber,  in. 

I  *  moment  of  Inertia,  in4 

Z  *  section  modulus  "  I If,  in3  (Note:  a  d.iiinctkm  is 
often  made  between  plastic  section  modulus,  Z, 
and  elastic  section  modulus,  8;  Z  ie  used  for  both 
moduli  in  this  text  and  in  MILr-HDBK-6.) 


Stiffness  (Rigidity/ Flexibility)  Failure  Criteria.  There  are 
numerouc  failure  criteria  other  than  the  ultimate,  yield,  and 
buckling  criteria  diacuasad  above  (for  example,  Marin, 
Reference  661-1,  also  treats  theories  of  resilience,  fracture 
strength,  ductility  and  toughness).  The  primary  additional 
criteria  of  importance  to  the  fluid  component  designer, 
however,  are  the  atiffneaa  (rigidity/flexibility)  failure  cri¬ 
teria.  Theta  criteria,  unlike  the  stress  criteria  discussed 
above,  are  baaed  upon  the  extent  to  which  elements  of  the 
component  structure  will  resist  deflection  (rigidity)  or 
deflect  (flexibility)  under  applied  load  without  buckling  or 
exceeding  the  yield  strength  of  the  material.  Became  no 
structural  damage  necessarily  occurs  in  thaw  modes  of 
failure,  these  failure  criteria  applv  o.uy  if  component 
functional  performance  la  impaired.  Evaluation  of  stiffness 
criteria  le  essential  to  good  component  design  end  is  a  major 
consideration  In  »ho  selection  of  material  and  configuration. 
Unlike  the  stress  criteria,  stiffness  criteria  usually  require 
evaluation  of  deflection  of  the  structural  member  in 
relation  to  other  component  partt.  For  this  reason  no 
phenomenological  theories  are  usually  employed  in  apply¬ 
ing  stiffness  failure  criteria  to  actual  design,  although 
Refaenca  661-1  presents  stiffness  theories  baeod  on  the 
distortion  energy  theory  or  bulk  modulus  for  evaluating  the 
relative  stiffness  of  materials  under  combined  stresses.  In 
this  application  bulk  modulus,  K,  is  given  by  the  equation 


K  = 


E 

3(1  -2p) 


(Eq  14.2.1. 2q) 


Feeding  instability  failure  will  oocur  when 


where 


*b**b 

where 

f  b  *  internal  or  calculated  primary  bending  stress,  pd 


K  ■  bulk  modulus,  psi 
E  ■  modulus  of  elasticity,  psi 
(l  ”  Poisson's  ratio,  dimanslonlass 


It  should  be  noted  that  the  modulus  of  rupture  as 
calculated  by  the  method  of  Cosscne  (References  9-7  or 
734-1)  ie  not  applicable  to  this  type  of  failure  and  will  yield 
unconeervative  results  If  used. 


Torsional  Instability  Failure.  Similarly,  round  tubas  in 
torsion  win  UU  by  plastic  instability  when  the  sheer  street, 
i„  exceeds  the  modulus  of  rupture  in  torsion,  F,t[  when  the 
latter  is  derived  from  test  results  using  the  equation 


-Iz  = 


X 

z. 


(Eq  14.2.1.2P) 


where 


•t 


modulus  of  rupture  in  torsion,  pel 


The  practical  application  of  stiffness  criteria  to  component 
design  requires  the  use  of  appropriate  deflection/ 
deformation  equations  (Sub-Topics  14.3.3  through  14.3.6) 
to  analyse  the  behavior  of  component  structural  member* 
under  load  with  respect  to  component  functioning.  Some 
common  stiffnaas  considerations  are: 

a)  Flange  distortion  (see  Figure  5.12.4.4) 

b)  Component  distortion  which  relieves  seal  preloads, 
resulting  in  seel  leakage  (Sub-Sections  6.3  and  6.4) 

c)  Shaft  deflections  resulting  in  binding,  leakage,  bearing 
or  seal  damage,  or  poor  response  (Sub-Section  14.12) 

d)  Distortion  of  component  housings  which  cause  binding 
shafts,  sleeves,  etc. 


T  *  torque,  in-lb; 

y  ■  distance  from  neutral  axis  to  given  (outermost) 
fiber,  in. 

J  ■  Ip  *  polar  moment  of  inertia,  in4 
Zp  «*  J/y  -  polar  section  modulus,  in3 


e)  Component  distortions  whhh  preclude  proper  mating  of 
valving  elements  and  va ./e  seats  (especially  in  poppet 
valves)  (Sub-Section  6.2) 

f)  Progressive  distortions,  wherein  the  elastic  deflection  of 
one  element  results  in  loads  which  distort  mating 
elements  thereby  permitting  further  distortion  of  the 
first  element 
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g)  Connector  tension  element  design  (th«  bolts  of  s  bolted 
flM|s  eonnsetor  must  continue  to  exert  s  minimum 
tinmprsssiTS  load  on  tbs  sssiing  element  when  tbs 
eonnsetor  is  suhiected  to  various  pressure  and  bending 
loads) 


b)  AS  of  the  elastic  deflections  of  an  actuator  linkage  must 
«,|k  added  to  fitting  and  bearing  clearances  when  evtiuat- 
rag  hysteresis  in  actuator  systems. 


lease  basic  stiffness  ground  rules  to  consider  in  all  fluid 
cosnponen;  applications  are: 

a)  An  mating  part  deflections  or  motions  known  or 
spedCedt  (If  not  It  may  be  much  safer  to  assume  logical 
nines  of  deflection  rather  than  to  aassime  perfect 
rigidity  of  mating  nerd  ware.) 

b)  Thermal,  vl  button,  end  pressure-cauaed  deflections  of 
oooaptox  structures  may  be  extremely  difficult  to 
antijas  even  with  sophisticated  computer  techniques, 
ctprrtsBy  during  transients  end)  as  rockat  angina  start¬ 
up  and  ahut-doarn.  Accordingly  it  may  be  advisable  to 
locate  fluid  components  such  as  valves  end  regulators 
away  from  such  structures,  or  mount  the  components 
with  flaxi'T-M  or  other  devices  which  will  minimise  the 
loads  Imported  to  the  component 

c)  If  difficulty  b  encountered  in  obtaining  requisite  com¬ 
ponent  stiffness  or  rigidity  with  u  selected  high-strength 
material,  evaluate  the  feasibility  of  wing  lower  strength 
(perhaps  jhtar)  material  of  heavier  wall  thickness  (with 
a  high  v  e  of  B  suitable  for  carrying  Uie  lord  with  lass 
deflection). 

14.2.1.8  FACTOR  OF  SAFETY  AND  MARGIN  OF 
3AFETY.  The  term  factor  of  mftty  (F.S.)  is  used  synony¬ 
mously  with  safety  factor  and  design  factor  to  indicate  the 
ratio  of  estimated  strength  to  computed  stress  or  the  ratio 
of  estimated  load-carrying  capacity  to  ms-iraum  computed 
operational  load.  A  margin  of  an  fit*  ,M.&.)  is  wad  to 
describe  the  additional  strength  of  the  structure  over  that 
required  and  is  defined  by 

M.S  =  F.S.  -  1 

Hie  factor  of  safety  is  applied  to  either  strewn  or  loeda  In 
the  design  phase  when  dimensi'ms  an  determined  and 
materials  are  selectee?.  After  die  design  is  completed, 
stresses  are  analyzed  in  more  detail  and  the  margin  of  safety 
is  calcv'ated.  In  many  aerospace  activities  the  margin  of 
safety  la  formally  determined  by  a  group  of  stress  analysts 
who  review  the  design  -vilh  more  sophisticated  techniques 
than  those  used  by  the  designer  in  selecting  materials  and 
establishing  critical  dimensions.  In  this  discussion,  the 
application  of  factors  of  safety  and  margins  of  safety  as 
well  as  some  considerations  regarding  criteria  for  establish¬ 
ing  values  of  factor  of  wfety  are  treated. 

Application  of  Factor  of  Safety  to  Strew,  It  is  common  in 
mcchine  design  to  apply  a  factor  of  safety  to  stresses, 
whereas  in  aircraf  design  a  factor  of  safety  is  often  applied 
to  loads.  It  is  recommended  that  the  fluid  component 
designer  give  careful  consideration  to  the  latter  technique, 
which  is  discussed  below.  Application  of  a  factor  of  safety 
to  stress  alone  will  influence  only  rupture  or  yield  failure, 
ignoring  buckling  and  stiffness  failure  modes.  Hie  following 
equations  relate  allowable  strew,  F,  to  factor  of  safety, 
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P.8,,  and  appropriate  yield  or  ultimate  material  properties, 
Fy  c*  Fu .  If  buckling  or  instability  criteria  are  wad  to 
datermine  allowable  stresses,  then  the  margin  of  safety  la 
applied  to  combined  loads  by  using  stress  ratios. 

Due  tit c  Material*  -  Static  Loading  -  Yiild  Critiria 

Tension: 


F  F 

pc--  !?  p  —  ty 

F.S.-  .  or  Ft  FtS< 


(Vq  14.2.'.3al 


where 


F.S.  -  factor  of  wfety,  dimanaionlaw 
F -  tensile  yield  straw,  pti 

*7 

ft  -  calculated  tensile  straw,  pal 
F,  ■  allowable  tensile  strew,  psi 


Compremton*: 


F  c  -  JSi  F  =  — 
F.S.  f  or  Fc  p  g 

c 


(Kq  14.2.1  JU 


where 


FQy  -  compressive  yield 


f  -  calculated  compressive  stress,  psi 
c  - 

F„  ■  allowable  compressive  straw,  pti 

v 


F  F 

F.S.  =  f  or  F#  ~  jTjjr 


(Kq  14.2-1.5e) 


where 


F|y  -  yield  strew  in  pure  sheer,  pti 
fg  “  calculated  shearing  straw,  pti 
F(  *  allowable  shearing  stress,  psi 


Bearing: 


where 


F  F 

F.S.  =  “  or  Fbr  =  “  (Iq  14.2.1  Jd) 

Sr 


Fbfy  -  bearing  yield  sbroas,  pel 
fbr  “  calculated  bearing  strew,  pti 
Fh  lowable  bearing  stress,  pti 


*Cautk>n:  These  comprsaUon  expressions  apply  only  It  tn  tub  titty  is 
nci  s  factor. 
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APPLICATION  OF  STRESS  ANALYSIS 


KAROIN  OF  SAFETY 
STRESS  RATIOS 


Duetto  Materials  -  Static  Loading  -  Ultimate  (Rapture) 
Criteria 

TmmIcb:  toman  aa  Equation  (74.11.8a)  except  substitute 
ultimate  tatuUa  sterna,  Flu,  for  Fly . 

Compramtar-  Sana  ta  Iquatioo  (14.8.1.8b)  azeapt  aubati- 
tute  ultimata  amupwaahra  auaaa,  Fc  u,  for  Fcy. 

Sbaar:  Gama  m  Equation  (14.8.1.Cc)  tiMpt  jubstitutr 
ultimate  ateam  in  pum  ab mat,  Fiu,  for  F,y . 

bearing:  Sana  m  Equation  (14.ll.Sd)  azeapt  aubatitute 
ultimate  bearing  atram,  Fbru,  for  Fbr;t. 

Brittle  Material-  —  Static  Loading  —  Ultimate  Criteria.  Be- 

nrPiPy  the  aama  approach  is  uaad  aa  that  appMad  to 
ductfle  materiala  in  static  loading  using  ultimate  failure 
criteria,  aamapt  that  the  rappectiue  calculated  atram  aa,  f,  am 
muhlptlid  by  the  atatie  steam  coooantration  factor,  Kt 
(Sub-faction  14.8). 

Watigaa.  Wham  aite mating  stmama  make  fatigua  failura  a 
possibility.  urn  of  the  factor  of  safety  baoomm  soma  what 
more  complex  bacauaa  the  fhtiguo  atrength  mduetioa 
factor,  Kf,  ia  applied  only  to  the  alternating  sterna.  The 
fatigua  aamty  factor,  8f,  ia  dtecumtrt  in  Aib-Saction  14.8. 

Duetto  Material  —  Combined  Static  Loading  —  Instability 
Criteria.  For  combined-loading  condMona  in  which  failure 
is  paused  by  buckling  or  Instability,  no  general  theory  cadets 
which  will  apply  in  all  oaaaa.  It  ia  oenuaniant,  however,  to 
represent  sum  conditions  by  the  uaa  of  atram  ratios  which 
can  ha  corsldared  as  nondtmcnaional  coefficients  denoting 
the  fraction  of  the  aBowabte  ateam  or  ateatgth  which  b 
utOtacd  or  which  can  ha  daaalopad  under  special  condi¬ 
tions.  For  simple  atmaom.  the  ateam  ratio  can  be  expressed 
aa: 

f 

R  -  da  t<ii  M 


present,  Consequently,  it  *ss<b  to  give  good  results  when 
any  one  condition  predominates.  It  aims  permits 

teat  data  to  ha  plotted  in  nondtownaioMJ  farm,  which  is  a 
decided  advantage 

In  many  caaas  it  %  convenient  to  deal  directly  with  loud 
ratios  rather  than  ateam  ratios.  The  load  ratio  ia  simply  the 
ratio  of  the  applied  load  to  the  allowable  lead  and  ia  equal 
to  the  corresponding  states  ratio. 


Considering  only  two  loading  conditions,  such  m  banding 
anw  compression  Hu  can  be  plotted  against  Rb.  Whan  ail 
three  conditions  exist,  the  equation  represents  mi  inter 
action  surface,  which  can  be  plotted  a a  a  family  of  curves. 
Typical  curves  corresponding  to  various  eaponeute  are 
shown  in  Figure  14.2.1.3.  The  general  algnlflcutoe  of 
Equation  (14.2.1.3g)  and  Figure  14.2.1.S  ia  that  the 
addition  of  a  around  loading  condition  will  lower  the 
percentage  of  the  allowable  strew  which  may  be  utilised  in 
the  original  loading  oondiUon.  If  the  exponents  approach 
Infinity,  the  curve  of  Figure  11.2.1.4  will  approach  the 
lines  ft)  -  1.0  and  R ?  ■  1.0,  indicating  that  ‘he  two  loading 
MMkdltkwr  have  no  affect  on  each  other. 


Figure  14.2.1.X  Typtssl  Strew  date  Inmrastton  Curves  for 
Comhlmi  LoeCMhI  CoinIMmb 
( Reference  K7- 12) 


R  -  stress  ratio,  dfamnafantem 


f  -sprite* sterna,  pai 
F  -  allowable  stress,  pei 

The  mmgta  of  safety  as  uauaDy  supra* sad  is  given  by  the 


M.S.  =  ^  37j-q  <Ka| 

For  combined  loading  the  penaral  conditions  for  failure 
can  he  sxpreawd  by  equations  of  the  foilowing  type: 

R*,  +  +  R^  + _ =1.0  itq  14jLl.Se) 

In  this  equation,  R,„  R2„  and  R}a  may  denote,  for 
instance,  the  allowable  drear  ratios  for  compreadon,  bend¬ 
ing,  end  shear,  and  the  exponents  x,  y,  and  s  define  the 
general  relationship  of  the  quantities.  TWe  equation  may  he 
interpreted  as  indicating  that  failure  wifi  occur  only  when 
the  eum  of  the  atram  ratios  ic  equal  to  or  greater  than  1.0  (if 
x:y:s  -  1).  An  advantage  of  this  method  la  that  the  formula 
yield*  correct  resrits  when  only  one  loading  condition  is 


When  only  two  stress  ratios  are  involved  and  vlmn  the  two 
different  applied  stresses  remain  in  coester'  proportion,  the 
margin  of  safety  of  the  member  may  hr  determined  from 
Figure  14.8.1.3  by  the  following  method: 


e)  Locate  the  point  on  the  chart  representing  the  applied 
values  of  R(  and  R?  computed  from  the  applied  stieues 
(illustrated  as  point  1  in  Figure  14.2.1.3). 

b)  Draw  a  straight  line  through  this  point  and  the  origin 
(shown  as  a  diagonal  dotted  line  in  Figure  14.2.1.3). 

c)  Extend  this  line  to  intersect  the  proper  stress-ratio  curve 
(corresponding  to  the  condition  under  consideration)  at 
point  2. 

d)  Read  the  allowable  values  K|,  and  Rj«  ns  the  abscissa 
and  ordinate,  respectively,  of  point  2. 


e)  The  factor  of  u Miration  or  strength  ratio,  is  obtained 
m  the  ratio  of  tha  applied  to  the  allowable  value  of 
either  strees  ratio,  as  follows: 


R. 


(Scj  14.X  :.3h) 
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MAJNMN  Of  SAFETY 
TUBE  EXAMPLES 


APPLICATION  OF  STRESS  ANALYSIS 


f)  The  !nt  t<*rgln  of  Mftly,  than,  ear  be  computed  from 
the  following  equation: 


M.S.  =  -  -  1 


(Iq  14.2.1,311 


Note  that,  when  the  folio  win;  atrewa-retlo  exprsaatona  ere 
used  the  mergina  of  aefety  can  be  computed  ae  Indicated: 

For  R,t  ♦  R],  ■  1 


M  S* =  ifTT^\  ‘  1 

(it,  +  iXj) 


ForK^R?.-! 


M.S.  « 


-  -  1 


o  i-.j  -  «a 

Other  M.S.  formulae  car  be  determined  for  the  more 
c  omplicated  etraae- ratio  expressions. 

The  general  formula  for  the  margin  of  aefety  stated 
analytically  for  Interaction  equation!  where  any  or  all  of  a, 
y,  and  a  are  1  or  S  hot  no  oihar  value  (except  one  term  may 
be  miming)  le  aa  follows: 


M.S.  ~ 


R+[(R')2  +  4(R")J]  * 


R'-  the  aum  of  ell  fint-powur  ratio* 

R  -  the  aum  of  all  second-power  ratio*. 

Tibi#  14.2.x. 3a  five;  all  combination*. 

The  practial  application  of  Equation  (14.2.1.3*)  le  ahown  in 
the  following  example*: 


Example  1:  Round  Tube*  In  Bending  and  Oomprearinn.  In 
the  cam  of  combined  bending  and  rompreerioa,  it  ia 
neceawry  to  consider  the  efrocta  of  aeeoadary  bending,  that 
is,  bending  prodr  td  by  the  axial  load  actfe*  In  conjunction 
with  the  lateral  deflection  of  the  column.  In  general, 
Equation  (1  i.2.1.3g)  can  be  used  In  the  following  form  for 
safe  value*: 

K  fc 

7 +  «r  = 10 

r*>  rc 


:  +  R  i.o 

J  c 


"d=R,1+Rc  1 


where 


f  *  « maximum  bending  strees,  including  effects  of 
•econdary  bending,  pel 

F  -  bending  modulus  of  rupture,  wi 


TeMe  14.1.1.3a  Margin  el  Maty  Kaprentan*  Nr  t 
tWeaa  Patle  Interaction  Peraadee 


Interaction  Formula 
10 


ManfeoifcMir 


R,  ♦Rj4*  v(R,  +Rj)i+4F* 


R,  ♦  VrJ  edCRj  +  aJ) 


*?. **?.**!.-10 1  — -  ....  *---i 


Rj  ♦  R ,  ♦  Rj 


la  no  erne  ahall  the  axial  comprwMvc  street,  fc,  exceed  the 
allowable,  Fe,  for  a  alnpb  column. 

" - r'~  *'■  Ro«iad  Tube*  In  Binding  and  TWrion.  For 

round  tube#,  Equation  (14.2.1.Sg)  can  be  need  In  the 
following  forma  for  safe  rahree: 


R  l  +  R,2  =  1.0 


M.S.  -  -====  -  1 

i/a  x  /n 


/OW1 +<V 


fb  ■  bonding  street,  pd 
Ffa  -  bending  modulus  of  rupture,  pel 
f(  ■  aheer  stores*,  pel 
F  .  -  torakmal  modulus  of  rupture,  pal 
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APPLICATION  OF  STRESS  ANALYSIS 


FACTOR  OF  SAFETY 
PRELIMINARY  DESIGN 


Example  S:  Round  Tubes  In  Binding,  Comp  tow  Ion  and 
Tonkin.  Hi*  bonding  >tmm  should  Include  th*  effect*  of 
secondary  banding  du*  to  companion.  Hi*  following 
ampirical  aquation  will  serve  ac  a  working  basis: 


fi\‘J 

f\7  1 

t.\’ 

\rJ+( 

ii 

E? 

l  '  K ) 

M.S.  = - .1  -  1 

\K>‘ "  <R.>’ 

where 

f  ■‘maximum  banding  c tress,  including  effects  of 
"  secondary  banding,  pal 

F.  *  modulus  of  rupture  in  banding,  psi  (from  Eq 
D  14.2.1. 2o) 

f(  "  internal  (or  calculated)  shear  stress,  pal 

F  "modulus  of  vuptura  in  torsion,  pal  (from  Eq 
'  14.2.1.2p) 

fc  ■  Intamal  (or  calculated)  compressive  straaa,  psi 

F  ■  allowabls  compraasiva  stress,  psi  (from  Eq 
c  14,3.1.31) 

Rc  -  compressive  stress  ratio,  dimensionless 

*  banding  stress  ratio,  dimansi  inlets 

R  »  sha.  _•  stress  ratio,  dimensionless 

In  no  case  may  the  axial  compraasiva  street,  f£,  exceed  th* 
allowable  compressive  straaa,  Fc . 

Application  of  Factor  of  Safety  tc  Load.  If  th*  factor  of 
safety,  F.8.,  is  used  with  the  maximum  applied  load,  P,  th* 
margin  of  safety  may  be  determined  for  th*  buckling  and 
stiffness  failure  criteria  as  writ  m  for  th*  stress  failure 
criteria.  In  aircraft  structural  design  and  in  the  daaign  of 
many  aerospace  fluid  components,  the  calculated  maximum 
load  is  referred  to  as  the  1‘mit  load  (P^l  )• 

^Ll  “  PLL  ^DL  14.2.1.3|) 

where 

Pn  *  limit  load,  lbf 

Fll  r  limit  factor,  dimensionless 

PDL  ■  design  load  (maximum  expected  load),  lbf 

Value*  for  Unit  factor,  FLL,  usually  vary  from  1.0  for 
well-defined  load*  to  about  1.5  for  estimated  loads  such  as 
aerodynamic  loads  and  duct  misalignment  loads.  Typical 
limit  and  ultimate  factors  are  tabulated  in  Table  14.3.1.3b 
for  a  manned  spacecraft  rocket  propuls'on  system.  The 
limit  factor  is  applied  to  each  source  of  '.tiding,  such  is 
pleasure,  acceleration,  and  vibration.  In  addition,  the  nature 
of  loads  (or  streasee)  is  specified,  such  as  combined,  axial, 
or  pressure.  Hie  limit  load  obtained  for  each  source  of 
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loading  k  then  multiplied  by  th*  ultimate  factor  of  safety 
(ultimate  factor)  or  yield  factor  of  aafety,  as  appropriate. 

Ultima'*: 

Pu  '  <Pll>  14.2.1.3k) 

where 

Pu  ■  ultimate  load,  Ibf 

F.S.y  ■  ultimate  factor  of  itafety,  dimensionless  (Note 
F.S.U  ■  1.5  in  most  aircraft  applications;  Refer¬ 
ences  19-275  and  662-1) 

Yield: 

*y  =  (PL  L  )  )  l*d  14.2.1.31) 

where 

?y  -  yield  load,  tbf 

F.8.  y  “  yield  factor  of  safety,  dimensionleaa  (Note: 
F.8.y  ■  1.0  In  moat  aircraft  applicatiG.it;  Refer¬ 
ences  19-276  and  662-1) 

Table  14.2.1.3c  lists  some  typical  proof  and  burst  pressures 
currently  specified  for  fluid  component*.  It  may  be  noted 
from  Htble  14. 2.1. 3b  that  in  many  cases  there  is  no 
apparent  correlation  between  material  yield  and  ultimate 
strength  and  between  proof  and  buret  pressures  specified 
for  pressure  veeselc.  Some  materials  such  as  titanium  have  a 
yield  strength  very  near  their  ultimate  strength  and  will 
therefore  usually  be  designed  to  burst  pleasure  (ultimate 
strength)  requirement*.  Other  materials,  such  as  aluminum 
alloys,  have  a  yield  sties*  far  below  their  ultimate  stress  and 
will  conaequently  usually  be  designed  for  yield  strength.  It 
is  eeaentiel  that  all  pressurised  component  element  margins 
be  evaluated  both  for  yield  stress  at  proof  pleasure  and 
ultimate  street  at  bunt  pleasure. 


14.2.2  Preliminary  Oatign 

Preliminary  structural  dseigr  of  aerospace  fluid  com¬ 
ponents,  which  may  be  interpreted  to  encompass  many  or 

few  steps,  will  moct  frequently  Include  tlio  following : 

a)  Sketch  or  drawing  of  the  eyateni,  showing  the  com¬ 
ponent  in  relation  wo  other  system  elements 

b)  Assembly  drawing  of  the  component 

c)  Sketch  or  drawing  of  major  component  elements 

d)  Estimate  of  loads,  both  internal  and  external  (Detailed 
Topic  14.2.1.1) 

e)  Estimate  of  most  probable  failure  criteria,  i.e  ,  will  stress 
considerations  (such  es  hoop  stress  in  high-pressure 
applications)  predominate  or  will  oth«r  failure  criteria 
control  the  design?  (see  Detailed  Topic  14.2.1.2) 

f)  Preliminary  selection  of  materials,  i.e.,  will  the  part  be 
of  aluminum,  stainless  steel,  titanium,  or  some  very  high 
strength  alloy?  Will  it  be  cast,  bar,  sheet,  or  forged?  Will 
it  be  used  in  a  heat-treated  or  annealed  condition'! 
Compatibility  should  be  considered  at  this  time  also.  It 
is  not  imperative  that  the  specific  alloy  and  treatment 
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FACTOR  OF  SAFETY 
DETAIL  DESIGN 


APPLICATION  OF  STRESS  ANALYSIS 


TaM*  14.l1.3fc  ?ypit4  Maty  Parlor  MpwWIwiiaw  tor  a 

Mann  *4  gpwwrsh  flasket  Pieputalen  System 

Structural  Iwlon  of  Safety  for  AppIN  and  Salf-Oanaratao  Load*  and  Environments* 


Load  Source 

Load  Type 

Limit  Fee  tore** 

Ultimata  Paotore** 

Load 

(c) 

i.n 

1.6 

Aufcstaliom 

1.0 

1.6 

Shock 

(c) 

1.0 

1.6 

Vibration  (g*/cp») 

(c) 

(1.3)a 

11.6)* 

Vibration  (g  and  D.A.) 

(c) 

1.3*** 

1.6 

Pnsw.tnmk 

<P> 

1.0**** 

2.0**** 

Pressure  vessels 

(c) 

1.0 

1.6 

Acoustics  (db) 

(c) 

1.0 

1.0 

Temperature 

(c) 

1.0 

1.0  (T)  1.8  fL) 

•Theis  factort  are  to  be  ippUtd  to  mission  laval  structural  loads  (appllad  and  raif-ganeratad  loads)  conwrvatlvaly  aalactad  to  represent  tha 
maiimum  severity  expected.  If  transport  or  othar  environments  provide  more  tavara  ioada,  thru  loads  should  ba  usad  In  ilou  of  mission 
loads. 

**Thorc  shall  la  no  structural  dsmaga  which  will  pravan.  tucvasr'ul  complatlon  of  tha  mlaaion,  upon  application  of  mission  laval  loads  multl- 
pltad  by  tha  limit  fartor  and  no  structural  frliura  whan  multi  pi  lad  by  tha  ultimata  factor. 

•••for  pralaunch  vibration,  llmt*  factor  »  t.O 

••••For  pro  pa  II  an;  vatvas,  fluid  Una  ,  and  hydraulic  vsiva  actuators,  the  proof  prassura  la  2.0  timaa  maximum  opcistlnj  prasaura,  and  burst 
prassurc  Is  3.0  timas  maximum  operating  p.sssura. 

(c)  ■  comblnad  loadings  (applied  and  aalf-jen  reted)  shall  oa  considered 

(p) «  prauura  only 

( T)  =  applies  to  temparatura 

(L)  *  applies  to  thermal  stress/loads 


be  specified  at  this  time,  but  even  preliminary  ailing  of 
component  element!  requires  knowledge  of  basic 
materia)  characteristics.  The  generalised  data  presented 
in  Section  1 2.0  of  this  handbook  will  often  be  adequate 
for  preliminary  material  selection. 

g)  Calculation  or  estimate  of  basic  dimension!,  such  aa  wall 
thickness  and  shaft  diameter,  by  simple  strew  equations 
such  aa  those  contained  in  Sub-Section  14.3.  (Note: 
Functional  requirements,  such  aa  flow  rate,  flx  primary 
dimensions,  such  as  line  diameter.) 

h)  Evaluation  of  the  component’s  *  capability  to  meet 
specification  constraints  such  at  weight  and  envelope 
while  satisfying  functional  requirements. 

i)  Consideration  of  manufacturing  operations  which  could 
degrade  design  properties  of  the  preliminary  design. 
Such  manufacturing  considerations  include  method  of 
assembly,  need  fer  disassembly  or  reassembly,  effects  of 
welding,  and  provisions  for  inspection. 

These  steps  do  not  include  the  obvious  necessity  for 
attention  to  component  functional  requirement!  which 
provide  critical  inputs  for  the  structural  design.  In  practice, 


functional  design  la  usually  carried  out  et  the  same  time  aa 
tha  iritis]  phases  of  pralimlnar'  structural  doaign.  During 
tha  first  stages  of  preliminary  design,  critical  functional 
parameters  auch  as  fluid  flow  rate,  pressure  drop,  response 
tlms,  and  atroka  am  firmly  established.  It  is  at  this  stags 
that  systam  Interaction  is  primarily  considered  (wa*sr 
hammer,  vibration  transmiwibillty,  etc.)  with  design  refine¬ 
ments  added  as  necessary  ,n  the  detail  doaign  phaaa.  y 


14.2.3  Detail  Design 

Detail  design  usually  starts  after  approval  of  tha  preliminary 
design  and  results  in  a  complete  sat  of  wording  drawings 
ar.i  manufacturing  procedures  or  procurement  specifica¬ 
tions  for  every  pert  of  the  component  In  most  instances, 
all  of  the  design  straw  analysis  will  be  performed  by  the 
designer.  (In  larger  organisations,  all  detail  designs  are 
reviewed  by  strew  analysts  prior  to  reissue  of  the  working 
drawings  to  tha  fabricating  or  procuring  organisation.)  Tha 
information  contained  in  this  flection  of  the  handbook 
should  provide  **"i  designer  or  stress  analyst  with  the  beaic 
equation*  and  criteria  for  performing  most  strew  and 


14.2.2  -2 

14.2.3  -1 


ISSUED:  NOVEMBER  1908 
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PROOF  AND  BURST  PRESSURES 
COMPREHENSIVE  S1RES3  ANALYSIS 


Tatee  14.11.li.  Typtari  Insmgiaa  ef  AmpM  Cntd  ant  Bum  Nwm 


Application 

Proof* 

Bunt* 

Apollo  lunar  module  spacecraft  propulsion  system 

2.0 

a.o 

Classified  unmannsd  spacecraft  propellant  tanks 

1.5 

2.0 

Classified  unmanned  sparer  raft  lines  and  flttlnpi** 

2.0 

4.0 

Classified  unmanned  vpaoeeraft  valves,  regulators,  ate. 

2.0 

4.0 

Classified  unmanned  spacecraft  valves,  regulators,  ate. 

Surveyor  pactcnft  propellant 

1.6 

2.0 

Tanks***  (not  pressurised  felly  In  prase  nee  of 
personnel) 

1.15 

1.26 

Lines,  valves,  flttlnp,  etc. 

— 

4.0 

Agent  gas  storage  tanka*** 

1.2 

1.6 

Saturn  SIV-B  gas  storage  tanka*** 

1.5 

2.5 

Discoverer  spacecraft  gas  storage  tanks*** 

'  1.6 

2.2 

Titan  III  gas  stonp  tanks*** 

Aircraft  pnmunatte  systems  (1CIL-F-6618C) 

1.5 

2.0 

Unas,  fittings,  and  base 

2.0 

40 

Air  reservoirs 

2.0 

4.0 

Actuating  cylinders  and  components 

1.6 

2.6 

JPL  Specification  30295  for  spacecraft  Flight 
equipment  pressure  systems 

1.6 

'PHWPtn  In  nultlplM  of  msxiroum  npi  ctstf  opstsUnj  pressure 
**Eaatara  Taat  Rang*  Ssfsty  Manual  raqulramant 
•••Titanium  tanka 

••••Bunt  ptaaaura  aquata  operating  ptaaaura  times  aafaty  factor  aafety.  Safety  factor*  specified  a*  2.1  for  praaaut  *  vtssslt  and  2.0  for 
vsjves,  regulator*,  fittings,  tubing,  ate. 


deflection  calculation*  An  Important  element  of  com- 
poount  detail  design  ia  recognition  that  a  email  minority  of 
caaea  require  comprehensive  a  treat  analysis,  auch  aa  that 
discussed  In  Sub-Topic  14.2.4.  Good  practice  demands  that 
all  phases  of  the  detail  design  be  property  documented  with 
neat,  legible,  wall-organ  lead  engineering  statements  end 
calculations.  No  superfluous  phrasing  is  required  or  desired. 
A  common  error  is  cryptic,  incomplete  calculations  with 
inadequate  explanations  of  assumptions,  references,  or 
sources  of  values  used.  It  should  always  bo  possible  to 
review  detail  design  calculations  without  having  to  ash  such 
questions  as: 

a)  Where  did  that  aquation  come  from? 

b)  Where  did  that  value  of  yield  strength  come  from? 

c)  Whet  it  the  basis  for  that  factor  of  safety? 

During  detail  design,  it  is  particularly  important  that  the 
influence  of  stress  concentrations  or  stress  raieera  such  aa 
fillets  and  radii  be  considered. 


14.2.4  Design  Analysis 

14.2.4.1  COMPREHENSIVE  STRESS  ANALYSIS.  The 
moat  obvious  form  of  design  analyaia,  comprehensive  stress 
analysis,  evaluates  the  capability  of  a  particular  design  to 
mast  structural  requirements;  often  it  is  directed  toward 
establishing  or  verifying  the  margin  of  aafety  Preliminary 
design  and  detail  design  comprise  analysis  of  the  stresses 
and  deflections  in  component  members  for  the  purpose  of 
establishing  dimensions  and  specifying  material  properties 
for  these  members;  design  analysis  verifies  whether  that 
design  will  work.  From  another  viewpoint,  the  designer  has 
the  opportunity  and  responsibility  to  adjust  dimensions  and 
materials  to  maintain  stresses  and  deflections  within  allow¬ 
able  limi'a,  whereas  the  stress  analyst  uses  these  established 
dimensions  and  properties  to  verify  load  carrying  capacity. 
Most  fmqi  intly,  design  analysis  is  performed  by  someone 
other  than  the  designer;  usually  a  stress  analyst.  Compre¬ 
hensive  stress  analysis  cannot  be  performed  on  a  prelimi¬ 
nary  design,  since  it  is  necessary  that  the  effort  of  de tells 
such  as  stress  raisers  (fillets,  holes,  radii),  alloy  and 
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COMPftftHCNSIVt  MATF.mALt  ANALYSIS 


APPLICATION  OF  STRESS  ANALYSIS 


pttwaEring  ipadfleitloM,  and  manufacturing  techniques  be 
ocrddawl  Altitourii  in  .nany  cmw  tha  anriyaie  may  ba 
Man)*  ird  strait  trorward,  using  technique*  and  data  auch 
an  worn  d— IN  In  thia  handbook,  In  other  c?»ri  mart 
wayalnmlw  analysis  la  requires  which  entails  auch 
technique*  an¬ 
al  Sophisticated  (often  computer-aided)  analyuu  of  rtnnn 
ana  daflertion*  In  shells,  baUowa,  complex  Assures, 
piping  systems,  ate. 

b)  Experiments!  evaluation  of  ttnlni  (t<ro.,i  which  straw 
lava  la  nan:  ba  inferred)  In  components  where  cor  figura¬ 
tion  complexity  or  loiri  complexity  preclude  accurate 
calculation  of  stresses  Techniques  Include  brittle  or 
photoeksthi  coating,  photoelaatic  models,  and  slisbinl 
strain  gage  tenting. 

The  Justification  for  performing  a  comprehensive  st-aas 
analysis  of  an  aerospace  flu'd  component  is  usually  based 
upon  one  cr  mors  o*  the  following  considerations: 

a)  Unexplained  failures  hi  teat  or  service 

b)  Low  level  of  confidence  in  the  nocuracy  of  simple  straw 
analysis  for  a  complex  application 

c)  Critical  applications  without  similar  p««-c*d*nt  (such  w 
many  of  tha  larger  Saturn  feed  system  components) 

d)  Design  optimisation,  wherein  critical  weight  require¬ 
ments  or  very  low  factors  of  safety  necessitate  rivers! 
design  iterations 

e)  Reduction  of  instrumentation  and  date  analysis  require¬ 
ment?  for  component  structure!  testing 

14.2.4.1  COMPREHENSIVE  MATERIALS  ANALY- 
818.  Another  aspect  of  design  analysis  which  is  frequently 
overlooked  Is  that  of  comprehensive  materials  analysis. 
Again,  the  designer  usually  require  specialised  assistance, 
but  In  this  Instance  it  Is  the  materials  specialist  rathsr  than 
the  strew  analyst  whose  aid  must  be  sought.  This  is  easily 
done  in  the  large  aerospace  corporations  and  government 
agencies,  but  the  component  manufacturer  frequently  must 
rely  upon  the  customer  and/rr  material  source  for  the 
nec  weary  information.  Many  apparently  sound  designs  have 
failed  in  aerospace  applications  aa  a  result  of  nnpredicted 
materiel  property  changes  in  service.  Similarly,  breakdowns 
in  quality-awurarce  procedures  have  resulted  in  failures 


bteauae  a  part  did  not  .eoeivs  a  particular  heat  treatment  or 
other  pcoceaa  before  going  Into  aarrtoa.  A  -omprerietwlTs 
materials  analysis  should  ensure  that,  aa  a  minimuir  all  of 
the  Items  listed  iu  Table  14.2.4.2  have  been  property 
accounted  for. 


Tates  14.2.4.2  Chwk  List  ter  Cofflprehanriea  Meter! all  Ivctuattcn 
(Prspsnlw  Afteettng  ttrueUMet  Pertcnwenee  Only) 


1.  Are  property  values  (P^,  P.,  E,  p.  etc.)  used  In 
design  oslculationr  actually  obtained  by  the  speci¬ 
fied  manufacturing  procedures?  (Particularly,  is  the 
material  used  In  tha  heat-treated  or  annealed  condi¬ 
tion?)  If  any  property  values  have  been  extrapo¬ 
lated  from  those  of  similar  alloys,  are  the  aaaump- 
tioni  valid? 


2.  If  any  process  is  specified  for  the  material  (such  aa 
heat  treating  and  nitriding)  does  100  percent 
Inspection  awura  that  tha  finished  product  has 
received  the  benefit  of  the  procew? 

3.  Are  propet ty  values  used  In  design  calculation* 
minimum  values,  such  aa  those  In  MurHObK-Sf  If 
average  or  typical  values  have  been  used,  hw 
suitable  allowance  been  made? 

'4.  If  fatigue  loading  la  possible,  la  the  endurance  limit 
or  fatigue  limit  used  In  design  property  estimated 
f.om  tensile  data  If  fatigue  data  are  not  available? 

5.  Have  the  possibilities  of  straw  corrosion  cracking, 
hydrogen  embrittlement,  end  corrosion  fatigue  been 
thoroughly  evaluated? 

6.  Have  flit  compatibility  considerations  been  evalu¬ 
ated,  tndudlng  fluid  medium,  mating  materials, 
environmental  media  (especially  salt  spray  end 
propellant  spill X  cleanlrg  media,  and  test  media? 
Do  compatibility  evaluations  taka  tr  mperature  dur¬ 
ing  exposure  Into  account? 

7.  Has  the  affect  of  straw  concentrations  been  con¬ 
sidered,  especially  aa  related  to  material  notch 
sensitivity? 


14.2.4  -2 


ISSUED:  VOVGMBER  1M8 


FUNDAMENTAL  EQUATIONS 


SIMPLE  UNIT  STRESSES 


14.3  FUNDAMENTAL  STRESS/DEFLECTION 
EQUATIONS 

14.8.1  SIMPLE  UNIT  STRESSES 

14.8.8  COMBINED  STRESSES 

14.8.8  AXIAL  DEFLECTION8 

14.8.4  BKNDING  DEFLECTIONS 

14.8.5  TORSIONAL  DEFLECTIONS 

14  8.8  BIAXIAL  ELASTIC  DEFORMATION 

14.3.7  BASlt'  COLUMN  FORMULA 

14.8.8  POLAR  MOMENT  OP  INERTIA  FOR 
CIRCULAR  SECTIONS 

14.8.9  BEARING  OR  CONTACT  (HEnTZ)  STRESSES 
AND  DRFLRCTION8 

14.8.10  lUHIlMAL  STRESS 


14.3  FUNDAMENTAL  STRE8S/DEFLECT.ON 
EQUATIONS 

The  tquiUom  pnunlMl  below  am  thuee  matt  frequently 
uwd  in  structural  design  and  streaa  analysis.  Many  an 
presented  elsewhere  In  vhw  notion  with  men  eonvmhen- 
ahra  deectiptiona  of  thatr  uaa,  but  an  «dao  at. own  ban  for 
mady  nfanwn. 

Ilia  sign  conventions  generally  aooepted  in  their  uwa  an 
that  quantities  — ociated  with  tensile  action  (load,  etnas, 
■train,  ate.)  an  considered  at  positive,  and  quantities 
associated  with  oompnsatve  action  an  ooneldewd  a*  -«a* 
tin.  Whan  oonipraaahra  action  la  of  primary  interest 
howanr,  it '  ia  tometimes  convenient  to  eooaidar  the 
associated  quantitiaa  to  be  poaltin. 

14.3  '  Simplti  Unit  StraaaM 

Tension: 


(«0  14.3.1a) 


when 

ft  ■  intern  at  (or  calculated)  average  tensile  atnaa,  pai 
P  ■  appf'ad  load  (total,  not  unit),  ibf 
A  “  ana  of  croaa  taction,  in* 

Compwadon: 

p 

f=T  CM  144.1b) 

c  A 


whan 

f  c  -  internal  (or  calculated'  are  raja  compreeehr#  straw, 
Pa* 

P  -  applied  load  (total,  not  unit),  Ibf 

o 

A  ■  area  of  croaa  aac+ion,  in* 


*  “  i  '  z 


flat  144.  tel 


wii  an 

L  *  internal  (or  calculated)  local  primary  banding 
atnaa,  pai 

M  *  banding  moment,  In  Ibf 
y  »  distance  from  neutral  axis  to  given  fiber,  in. 

I  "  moment  of  inertiatabout  the  neutral  aula,  in4 
Z  “  section  modulus,  I/y,  in8 


(■a  144.  Id) 


wham 

f,  •  internal  (or  calculated)  average  shearing  atnaa,  pal 
V  -  ahaar  form,  <bf 

A  ■  ana  of  croaa  (action  which  ia  in  ahaar,  in8 


Longitudinal  or  tiunsvana  Aw  Miami 


(la  144.1a) 


wham 

fs  -  internal  (or  calculated)  average  shaving  atnaa,  pai 
V  “  ahaar  form,  Ibf 

Q  ■  atatic  moment  of  a  croaa  section  -  /yd  A,  in8 

I  “  moment  of  inertia,  in% 
b  “  width  of  croaa  section,  in. 


Shaw  atnaa  in  round  tube'  dua  to  tonsMi 

\  f ,  =  (Ea  144.  If) 

whan 

/  f f  “  internal  (or  calculated)  averaga  shearing  stress,  pai 
T  "  applied  torsional  moment,  in-|bf 

4 

y  ■  distance  from  neutvl  axis  to  given  fiber,  in.  (Note: 
the  symbol  C  ia  commonly  used  in  structural 
analysis.) 

Ip  “  J  ■  polar  moment  of  inertia,  in'* 
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COMBINED  STRESSES 
DEFLECTIONS 


FUNDAMENTAL  EQUATIONS 


Stow  tinea  do*  to  tontoo  !n  thin-walled  rtnicture*  cC 
dosed  section: 


(Eq  10.1*) 


«htn 

f,  ■  internal  (or  calculated)  average  shearing  itraar,  pai 
T  *  appliad  torsional  nromant,  ln-lbf 

M 

A  “  area  enclosed  by  median  Una  of  tha  section,  in 
t  *  wall  thickness,  in. 


Biaxial  ratio: 

f A  =  ;  Cj,  =  BfL  (Eq  14J.1M 

whan 

f A  "  axial  itnu,  pai 

B  “  biaxial  ratio,  dimensionless 
fH  ■  Ire-op  stress,  pai 

fT  •  transverse  (grain  direction)  stress,  pai 
fL  *  longitudinal  (grain  direction)  i trees.  pai 


14.3.2  Combined  Straws 

Compression  and  bending: 

f,  -  f  +  f„  (Eq  14.3.2a) 

where 

f  n  ■  internal  (or  calculated)  nor  .ml  stress,  psi 

fc  *  internal  (or  calculated)  compressive  stress,  psi 

fb  **  internal  (or  calculated)  primary  banding  street,  psi 


Compression,  bending,  and  torsion: 


(Eq  14.3.2b) 


where 

^SffllX 

f 

s 

f 


n 


maximum  internal  shearing  stress,  psi 
internal  (or  calculated)  shearing  stress,  pwi 
internal  (or  calculated)  normal  stress,  pai 


(Eq  14.3.2e) 


whan 

f _ -  maximum  internal  normal  stress,  psi 

nmix 

f  “  internal  (or  calculated)  normal  strata,  psi 
l _ -  maximum  internal  ahaaring  stress,  pci 

•  rls  NX 


14.3.3  Axial  Reflections 

Unit  (average)  deformation  or  ctrain: 

e  =  X  100  (Eq  14J.3sl 

where 

e  “  nercent  elongation,  dimenaionlers 
5  »  deflection,  in. 

L  *  length,  in. 


S‘av»/ strain  ratio  (this  equation  applies  when  E  is  to  be 
.'ourid  from  tests  in  which  1  and  e  are  measured): 

p  f 

E  -  g  (Eq  14JJW 


wh-'r* 


E  “  modulus  of  eiurticity,  average  ratio  of  stress  to 
strain  below  proportional  limit,  psi 

t  “  internal  (or  calculated)  stress,  psi 

e  “  percent  elongation,  dimensionless 


De*  action  calculation  with  a  known  value  of  E: 


5 


PL 

AE 


(Eq  14.3Jx) 


where 

6  *  deflection,  in. 

P  “  applied  load  (total,  not  unit),  Ibj 

L  “  length  (total  over  wl.ich  strain  is  summed  to  obtain 
deflection),  in. 

A  *"  area  of  loaded  cross  section,  in^ 

E  "  modulus  of  elasticity  in  te  *'sion,  psi 


14,3.4  Bending  Deflections 

Beam  deflection  equations  are  given  in  feub-8ection  14.9. 
Change  of  slope  per  unit  length  of  beam: 

di  M 

T  =  ™  «•!  14A41 
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COLUMNS 


urban 

T"  •  change  of  slope  pa  unit  length  of  beam,  radian* 
par  unit  length 

id  "  applied  banding  moment,  in  lbf 

B  ■  Moduli)*  of  eloiiUcity,  pal 

I  ”  moment  of  inertia  at  rut  tba  neutral  axis,  in4 


14.3.5  To-*icneJ  Daflectiort 

Br-k  rqustioa: 

d0  _  J 

dx  Gj 

where 


(Eq  143.6a) 


* 


dx 

T 

G 

J 


“  change  of  angular  deflection  or  twist  par  unit 
length  of  member,  radians  per  unit  length 

'  applied  •'  onions)  moment,  in-lb ^ 


■  modulus  of  rigidity,  put 

■  torsion  constant  ■  Ip  for  circular  a e  tion,  in4 


F^r  torque  T/OJ  constant  over  length  L: 


where 

<t>  m  totnl  angular  deflection,  radians 
T  “  applied  torsional  moment,  in-tbf 


(Kq  14AM 


G  “  modulus  of  rigidity,  pai 
J  ■  torsion  constant "  Ip  for  circular  section,  in4 


14.3.6  Biaxial  Elastic  Deformation 

Poison’s  ratio  hi  uniaxial  loading: 

_  unit  lateral  deformation 
**  unit  axial  deformation  ** 3 

where 

M  -  Poisson’s  ratio,  dimenaicnless 

Eex  =  fx  -  ,’ify  <«q  143M 

where 

B  ■  modulus  of  elasticity,  psi 
ex  *  unit » train  in  the  x  direction,  in/in. 

f  x  ■  internal  stress  in  the  x  direction,  pel 


ty  "  internal  street  in  the  y  direction,  psi 
I*  *  Poisson’s  ratio,  inmoiMionleat 

Ee,,  l«q  143.«e> 

where 

E  “  modulus  of  elasticity ,  pel 
ey  m  unit  strain  in  the  y  direction,  in/in. 

fy”  internal  stress  in  the  y  direction,  psi 
f  x  ■  internal  stress  in  the  x  direction,  psi 
/'  “  Poisson’s  ratio,  dimensionless 

Biaxial  elastic  modulus: 

it  -  E 

^Wratol  (l  —  fiB)  (Eq  143.6d) 

where 

E  *  modulus  of  elasticity,  psi 
B  ■  biaxial  ratio,  dimensionless 
/Li  ■  Poisson’s  ratio,  dimensionless 


14.3.7  Basic  Column  Formula 
Bute  formula  for  long  columns: 


where 

Fc  *  allowable  compressive  stress,  psi 


(Eq  143.X 


c  *  fixity  coefficient,  dimsnsicnless  (see  Detailed 
Topic  14.2.1.2) 

E  ”  modulus  of  elasticity,  psi 

L  “  length,  in. 

p  “  radius  of  gyration,  in. 

L'  -  Ujc 


14.3.8  Polar  Moment  of  Inertia  for  Circular 
Sections 

Solid  shafts: 

J  =  Ip=32_  (Eq14J.8al 
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Nh  14.3.*.  Formulae  tor  SffM  ami  Strafe  4m  to  »  amirs  an  or  ftctmecsi  I  to,  Mr  Mfe 
lAdar  '•d  with  nsrnuto'm,  /ran  Rrhrana  481-2,  "fannaka  hr  Stmt  tod  Strait t, " 

4.  a  Roark,  haQrawHH  Soak  Ctmaanr,  ha.,  ISSSt 

Notation:  f,  —  unit  corapreesive  at  rear;  f,  -»  unit  shear  sti<*v<;  f,  —  unit  tonsils  stress;  •  ”  radius  of  circular  oouiaet  arc*  for 
ww  I,  2,  and  3;  6  -  width  of  rectangular  contact  are-  for  cases  4,  5,  and  ft;  c  —  major  csmtaaie  and  d  ”  minor  ssmiaxis  of  elliptical 
contact  area  for  cases  7  ai  d  8;  y  -  combined  deformation  of  both  bodice  at  each  contact,  along  axis  of  load;  m  ~  Pcisson's  ratio;  S  - 
modulus  of  elasticity.  Subscripts  1  and  2  refer  to  bod:ec  1  and  2,  respectively.  All  dimensions  in  inches,  all  foreaa  la  pounds 
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1 14.3.1k  P«nMlwf«r 


(Admfl  «rtA  i  trim  IHtoimm  4*1-2,  "tormvtm  for  Sawn  amt  Stmfn.* 

a  X  *mr*.  Mt  Cmmamv.  Am..  ItW 


Man  «  aaM  bt!  X  Iwwi  w  nuo  g  aai  kiv*  itfm  a*  Mnc 

8|  •>»•»«•  *• 

•  i  i  m  i  M  i  im  i.w  i.im  t. nr  a  m 

j  i  an*  a  an  a  an  b  an  ana  a  m 

x  I  i. an  i  m  i.5  i  m  i  m  i.rn  i.w> 

*<>-*-  HAMA  «-!>»■»  OJI.  •  - 

fcr  Mm  Mm  «f  «  Mi  a  aal  hr  «Mra  rf  jj  Mm  I  m4  t,  Mm  I,  -  7raWVl?  vhm  A  -  jfX.  A.  -  gfl* 

U) 

t»r»n«lin  rowh) 


i  -  i>i  ■»  (ua, « » 
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FUNDAMENTAL  FQUATKDNS 


dImk 

J  -  taiiloii  eoutant  -  Ip  fer  circular  Motion,  la4 

D  ■  diameter,  in. 

Tlkk-teMIdi: 


(CqMAOd 


Do  "  outoidt  diamater,  in. 

D,  ■  ladds  diamater,  in. 

TktevdM  tab*: 

i  i  r,  3.  ird3 1 

J  =  ^  =  2trr  t  =  -j-  (H  mam 


r  “  avarpfe  raduu,  in. 
t  -  wall  tbittom,  in. 
d  -  avenge  diameter,  in. 

14.3.9  9nHn|  or  Contact  (Harts)  Straws  and 
Oaflactkmi 

Tbs  bade  upaaioai  describing  rtnwji  and  deflections 
nndtinff  ft «n  two  bodte  in  omtaet  am  anmmariaad  in 
Tabla  14.8.9. 

14.3.10  Thcrmai  Straw 

Thermal  temn  incodumd  into  an  wtenwlh  constrained 
mam  bar  by  a  change  in  temperature  may  be  eaieu'ated 
from  the  bene  equation: 

tj.  =  =  K'ATcrE  (Ke  maw 


f T  ■  thermal  stress,  pd 

AT  <J  temperature  change,  °F 
a  ■  coefficient  of  thermal  expend  on,  in/ln/°F 
B  “  modulus  of  elaeticity,  pd 

K  -  constant  dependent  upon  configuration  and  con¬ 
straint  (Tabic  14.3.10a),  dimcndonlcM 

K'  ■  1/K,  dlmcndonlaae 

Thcrmd  etreaaee  in  various  flat  piatea  may  be  calculated 
using  the  equations  in  Table  14.3.10b. 
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THERMAL  STRESS 


Tedde  14.3.  i 


(A9apto9  wH4  germftefe.  i  from  .'Mmw  79-24 1, 
“Dm  Ip*  Mmm,M9  Armory  1994,  ml.  19,  nth  1, 
9.  mtdar/ 


End  condition* 


A  uniform  dot  plot*  rertrolned  at  tho  rdgti,  sub¬ 
jected  to  a  temperature  change  throughout. 


^uniform  *Af* 
f-j  ■  comproulon 


uniform 
fy  “  tension 

A  uniform  bar  of  r octangular  cross-section  re¬ 
strained  at  tho  ondt  with  one  farm  subjected  to  a 
uniform  temperature,  the  other  face  subjected  to  a 
uniform  temperature  plus  a  temperature  change. 


Tunlfonn.fT",*",0'\ 


Tunlform  +AT,S  *  compression" 


A  uniform  flat  plate  of  any  thopo  restrained  at  the 
edges  with  one  face  subjected  to  a  uniform  temper- 
oture,  the  other  face  '.ejected  to  a  uniform  temper¬ 
ature  plur  a  temperature  change . 


TeMo  tt&lflkt  Thermal »  mm  In  Vorfee*  Water 
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•Engineering  Oeefge,  ~Jl  H.  Pom ml.  mtoy.  19941 
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CftCtP  RUPTURE  CURVE 


CRFEP 


M.4  CREEP  AND  STRESS  RUPTURE 
1441  BASK  CREST 
14  41  UYNAIOC  fUESE 
144S  CROMtUrrUKK  CVRVt 


14.4  CREEP  AND  STRESS  RUPTURE 
14.4.1  Me  CrMp 
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dnnrtwtan  eroap  but  alio  natoU  ...  ng*  that  may 
racult  from  era*p. 
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14*®  FATIGUE 


14.11  NATURI  OF  FATIQUK  FAILURE 

14.4.1.1  Drank  Initiation 
14.1.1.4  Ctuck  Fropngatioo 
14.4.1.8  Find  Rupture 

144.1  FATIQUK  DATA  CORRELATION 


144.1  FACTORS  INFLUKNCINQ  FATIGUE 


14.6.41 

144.8.4 

144.4.4 
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1444  MUQMCnNQ  FATIQUK  UFB  AND 
ENDURANCE  LOOTS 

14441  Ometnnt  Lifetime  Fatigue-Strength 
14mm 

1444.4  MndwraMa  LIU  at  FtaMgue  limit 
14444  Prodfetta  from  8tatfe  Teuette 

1445  DE81QNINb  TO  FMVENT  FATIQUK  FAILURE 

1445.1  Load  KwAiaHoa 

14444  StoaaaOo— a— mttaaa 
14448  Surface  llntab  rad  Treatment 
14444  MatarMi 
14440  RaaonoDt  Froque any 


14.0  FATIGUE 

Fatigue  fbUure  ia  feflum  farou^it  about  by  repeated  rovemel, 
wawal  or  fluotuatfon  of  the  spatted  load.  Low-cych 
iktigua  haa  Im  arbitrarily  defined  by  various  invaarig'dors 
to  apply  to  fUtams  occurring  la  laaa  tboa  1000  to  100,000 
load  ayclaa,  with  10,000  cjrdo  repneantirg  tha  moat 
common  Hadt  Thermal  j Mgm  la  aaeentlaSy  low-arcU 
hUpM  reuniting  Oram  alternating  thermal  expansion  aal 
eoutmctkm.  Cwrodm  /fatigue  ia  the  alandtaaaoaa  action  of 
oocrodon  aad  alternating  steam  (3ub-Tor*e  13.7.6). 

14.6.1  Nsotrt  of  Fstigut  FiKwo 

Fatigue  haa  baaa  tha  moat  common  aouroe  of  faBota  of 
apaea  hardware  (Reference  466-6).  It  haa  baaa  aatimatad 
that  00  peccant  of  ad  rupture  failure*  In  service  ara  caused 
by  fatigue  and  60  peraant  of  aS  htigu*  faOure*  ara  earned 
by  Improper  daalga  (Reference  698-1).  Although  much 
laaaaloa  to  ba  leant  ad  about  tha  precise  mechanism  of 
fatlgoa  failure,  the  following  thiae  phaaaa  ara  oommonly 
opoaldaead  to  be  essential  element*: 

a)  Oaak  Inltiatioo 


It  h  usually  possible  to  Identify  a  fatlgoa  faihtta  from 
evidence  of  there  three  distinct  pha>ta  on  tha  tamtam 
aortaae.  Figure  14.6.1  ahowa  tha  fatigue  faihtre  purposely 
Induced  In  a  laboratory^  aampla  of  D6-AC  etaal  rocket 
ptamure-vsaatl  material.  The  aampla  ahown  in  Figure  14.6.1 
ta  opt  of  many  aubi  acted  to  notch  beam  banding  faugue  In 
a  study  of  fracture  tougbnaaa  tasting  (Rafaranoa  131-36). 
The  initial  flaw  waa  purposely  Introduced  by  are  burning  c t 
by  ultrasonic  machining  a  slot  0.100-inc'.>  long  by  0.020- 
In-h  deep  by  0.010-Inch  wide.  Repeated  simple  (not 
rammed)  banding  during  a  fatigue  teat  produced  a  stress 
cycle  comprised  of  aero- to- tension  at  tha  flaw  location. 

A  attest  level  of  186  kai  waa  repeatedly  Induced  until  the 
fatigue  crack  appeared  wall  started  (propagation),  than  a 
level  of  100  kai  waa  maintained  until  the  crack  attained  toe 
daairad  length.  Final  rupture  waa  achieved  in  simple 
tension,  as  la  apparent  from  tha  appearance  of  tha  fracture 
r-aa  outside  of  the  “bench  marks’’.  Final  tensile  failure 
occurred  at  ateemar  wall  below  the  average  ultimata  tensfla 
•tram  far  the  materia*. 


145.1.1  CRACK  INITIATION.  Crack  Initiation  la  almost 
Invariably  the  revolt  of  some  a  treat  cer  cenfretion,  such  ea  a 
aotah  or  Induakm  In  a  highly  ettaatad  region.  Such  a  atoaaa 
erncanttatlon  may  ba  vary  difficult  to  Identify  in  a  highly 
pdtahad  specimen  tasted  In  the  laboratory  for  the  purpose 
of  eecabi  tailing  fatigue  life  characteriatice  of  a  material,  but 
h  often  obvious  whan  analysing  a  part  which  has  failed  in 
(Tito  initial  cracks  formed  in  the  laboratory 
n  drown  la  Figure  14.6.1  ara  to  small  as  to  be 
invisible  In  the  photograph.)  Fatigue  cracks  a v> 
’  initiated  at  a  free  aurfern. 


1  ULT8ASONIC.AllY-INCsUC.ED  INITIAL  FLAW, 

(SLOT) 

2  FATIGUE  CRACK  WHICH  PROPAGATE D  WITH 

STRESS  AT  125  KS I 

3  FIRST  REACH  MARK  ’OCCURRED  WHEN  THE  FATIGUE 

STRESS  LEVEL  WAS  REDUCED  FROM  125  KSI  lO 
100  KSI) 

4  FATIGUE  CRACK  WHICH  PROPAGATED  WITH  STRESS 

AT  100  KSI 

5  FATIGUE  CRACK  FRONT  (SECOND  BEACH  MARK) 

6  NARROW,  DARK  BORDER  IS  HEAT -STAINED  SLOW 

GROWTH 

7  BRIGHT  BORDER  IS  ALSO  SLOW  GROWTH 

8  RAPID  FRACTURE  REGION 


b)  CTack  propagation 

e)  Final  unstable  (brittle)  rupture. 


Figure  1441.  Fatigue  Creek  in  Fraeture  Area  of  D6-AC  Steel 
(Haf**nc*  131-30 


14.5  -1 
14.5.1  -1 
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CRACK  PROPAGATION 
FWAL  IKIOTURS 


FATIGUE 


14.1.1.2  CRACK  PROPAGATION.  Greek  propagation 
oasis M«  of  «  tempi  ts  aariae  of  microscopic  and  macro- 
wofii  efnetunt  ohangM  laduoed  by  repeated  load  fluctua¬ 
tion  wkkh  results  in  crack  growth  until  the  intact  or 
unAuaaged  area  oan  no  'ongar  auataln  the  load  and  ao 
rmptatoa  or  talk  auddanly.  Btigj  1  growth  oonrieta  of 
fine  aaaia  erask  propagation  along  primary  allp  pinnae, 
follow  ad  by  Stage  D  growth  at  right  angles  to  the  principal 
tarwSa  stress.  The  traraltion  la  governed  by  the  magnitude 
of  the  taaaBe  atraaa,  the  lowr  the  magnitude  of  thia  t treat, 
the  larger  the  assent  of  the  lint  stag*  of  growth.  For  title 
remon  Stage  X  growth  ia  favored  In  torsion  taatlng  baeauaa 
the  tamlle  component  at  rig\t  anglaa  to  tha  Staga  I  crack  la 
low.  If  tha  tanaila  atreaaaa  m  high  enough,  Staga  I  may  not 
he  obeervtd  at  ill,  aa  in  sharply  notched  specimen*,  and 
growth  ocaura  entirety  in  tit  aecond  mod# 
(naierenaa  719*1). 


1 11  growth  tha  crack  advancer  a  Anita  incre- 
N  la  each  loading  cyda,  awn  for  propagation  refer  m 
low  aa  10"®  inches  per  cycle  (Reference  383  3).  A  atriation 
on  the  fracture  surface  with  eech  load  ode  provider  a 
record  of  the  nonage  of  the  fatigue  crack  front  If  tha 
atriatloaa  are  formed  at  high  drain  amplitude*,  aa  ir 
low  cyda  fatigue,  the  atriation*  will  be  visible  to  tha  naked 
aye  aa  the  dearie  “thumbnail"  or  “ba-ch  marks"  having  r 


■Booth,  velvety  appearance  (Reference  489*8).  With  low* 
■train  amplitude,  higi-cyde  fatigue,  the  fatigue  acne  will 
-purTT-  «aooth  to  the  naked  eye,  hut  mlcroecopic  exami na¬ 
tion  wSt  reveal  similar  striattons.  Figure  14.8.1.2  shows 
how  the  appearance  of  fatigue  failure*  may  vary  aa  a 
function  of  load  application.  Tha  baric  proooae  of  crack 
propagation  ia  not  limited  to  cryatalllne  eoMds  but  ha*  also 
Man  cbeerved  in  noncryatalllna  polymeric  materials.  In 
higb-cyde  fatigue  meet  of  the  lifetime  of  unnotched 
spadmane  «  c;U  ia  dipband  formation  and  Stage  I  crack 
growth,  with  Stage  II  crack  growth  occurring  in  hut  a  small 
portion  of  the  total  lifetime  (Refesunce  719-1).  Recent 
work  has  significantly  increased  the  understanding  of  the 
precise  mechanism  of  fatigue  crack  propagation  (Refer¬ 
ences  3S3-3  anJ  719-1). 


14,8.1.3  FINAL  RUPTURE.  Final  rupture  of  tha  remain¬ 
ing  uncracked  area  resembles  tha  fracture  0f  a  brittle 
material,  even  though  the  actual  material  is  considered  to 
be  ductile.  Fracture  usually  occurs  by  shear  rupture  on 
shear  planes  inclined  46  -eea  to  the  tensile  ask.  Thus  the 
extent  of  Stage  II  crack  growth  ia  also  governed  by  tha 
toughness  of  tha  material  because  thia  determines  tha 
critical -si  lied  crack  that  can  exist  before  causing  Anal 
instability  at  a  given  peak  atraaa. 


Although  localised  piratic  flow  is  known  to  be  an  essential 
element  of  fatigue  failure,  it  ia  significant  to  note  that  in 
moat  instances  failure  occurs  without  prior  indications  of 
plastic  deformation.  True  fatigue  failure  invariably  takas 
place  below  a  stress  level  which  would  result  in  rupture 
under  static  load  conditions.  Much  of  fatigue  analysis  ia 
baaed  upon  the  idea  that  there  exists  a  stress  level 
(endurance  limit  or  fatigue  limit)  below  which  the  material 
can  withstand  an  infinite  number  of  load  cydee  without 
failing.  Kowawr,  it  ia  known  that  soma  materials  (such  aa 
aluminum)  do  not  exhibit  a  fatigue  limit. 


14.5.2  Fatigue  Data  Comlation 

The  four  curves  of  constant  fatigue  life  in  Figure  14.5.2a 
represent  different  approaches  proposed  to  establish  a 
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(ft.)  r*m  only  ateteaai  malarial  tetraitertelaa 
Md  l,)  «a  wim,  mab  aa  that  mwlM  k  Fob- 

0aaa  fat^oa  Ufa.  lib  wfflb  aa— ary  tot  malarial*  sot 


MMNriag  a  tetlgn*  limit  or  tot  fi itigm  at  atamtad 
— paratana  or  la  a  —ho  aaaboaaaaat  It  map  ba  aaao 
tea  Fbawi  14.ft.la  taat  tha  Goodman  Una  la  atapta  to 
plot  and  approxteiataa  naaoaably  wall  tha  bottom  of  tha 
aaattar  band  'lUtenaca  714*1).  Tha  Goodman  kina  la 
inn—TTnilT  la  tha  UhMad  teatea  and  la  laaoaunaadad 
whaa  a  rooataUac  1  aom  moat  ba  wad  ter  ataal.  ahuniaom, 
or  tttaahaa.  Tha  aaora  aoaaaraattaa  Baa  rtopond  by  loalth 
la  oftaa  praftanad  ter  nagnactmn  aficqrt  aad  oaa*  Iron, 
oh  oaa  taat  raaalta  often  taD  balow  tha  Ooodaaaa  Mac*.  Tha 
las  aamaraatlaa  Oarhar  parabola  la  tha  darted  for 
flodwdtac  teMgna  atraaa  i  aalrbn  la  Qatnany,  bat  aaao  ba 
a^Baf  atepaat  aHamatSto  tho  QooSaa  UnamSy  If 
map  of  tha  Iowa*  data  potetaan  attetbatad  to  astern*— 
teabag  teotaa.  Ha  ftotetbatg  Una  la  an  aMprorlnaattoo 
wUah  raatedaa  tha  jpantetety  of  teftnm  by  ygdte«  hot  a 
oar  aooaaraatha  aaftewtea  not  n— dad 
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onTITlTba  known.  IWftN  dtafwn  pmvMaa  auah  data 
aa  a  plat  of  atraaa  — laat  nonabar  of  epaiaa  to  tefioia  at 
aarioan  atraaa  ratloa.  A  partloalarti  oaatel  tea  of  S-N 
onnao  la  On  tomtmt-Uftttmt  diagram  or  /kdgm-tt/vngth 
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far  oriwa  oonatant  Hfrttinar  aa  Moatratad  la  Fig- 
uia  14.5.  Sd.  Oboataat-HfatlBM  dlamama  ara  ooortnaotod  ter 


faSttra  oritarlon  or  ter  aaitooa  dynamic  ataap  arltarla  at 
atantei*  tamparaten.  Tha  onmaof  aoaatawt  Ute—  ara 
aMaaatad  (ran  aotoal  taata  teaching  wbw  dwt  raatoa. 
Tha  tm  mm!  aoordtar.taa  ara  toraad  48  dapraaa  from 
thoaa  of  Flgoraa  14  5.fta  aad  b,  aad  maxtewm  tad  adnt- 
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Fatten*  data  vaad  la  ooaatrue^lng  auoh  eunw  an  usually 
obtain*!  from  oaa  of  tha  foUowtag  taata* 

a)  Axial  loading 

b)  Plata  banding 

o)  Rotating- beam  handing 
d)  Totmon. 
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ENVIRONMENTAL  FACTORS  FATIGUE 

STRESS  AMPLITUDE 


14,6.3  Faeton  IrfHitnoIng  Fatlgt * 

Hm  HhttawblM  between  Kmi  •nplimUona  and  fail gue 
III*  dhswui  iwn  apply  to  oareftuW-ooatrdled  taata  on 
Dwdwlyvmiwd  rpecunee.  la  uta  ddga  of  com¬ 
ponents  or  othwr  maehins  alamaata  f«  fatigue,  It  la 
nuanry  to  consider  tha  many  envfcoiunantal,  load  appU- 
aaUoea,  configuration,  and  feycterlel  factor*  which  aaa 
influence  tha  actual,  fitiyua  iif*  of  a  comp  on  ant  In  sendee. 

14.ft.Sl  VACUUM  ENVIRONMENT.  Although  different 
tawathaa  have  shown  contradictory  results,  It  la  generally 
t^tad  that  fatigue  life  In  a  vacuum  anvtronmaat  la  longer 
than  In  air,  and  that  tha  tnfluanaa  la  upon  crack  props  ga- 
(Ion  rather  than  initiation.  Although  than  la  some  disagree¬ 
ment  aa  to  whathar  thla  dlffannoa  In  fatigue  Ufa  la  due  to 
oxide  for 'nations  at  tha  crack  tip  In  air  or  rawatdment  of 
cracked  material  upon  tha  oompntalon  cyda  In  vacuum, 
the  important  deafen  oonai deration  la  that  fatigue  data 
obtained  la  air  may  be  conaldarad  conservative  tor  vacuum 
applloatkui  (References  47-86, 898-6,  and  719-1). 

l-M.3.2  CORROSIVE  ENVIRONMENT.  The  fatigue  Ufa 
ok'  match  which  «tn  readily  form  oxide  eoattngi  la  tncraaaad 
whan  apacl man*  are  tasted  In  a  vacuum  or  an  Inart 
atmosphere  (Reference  898-6).  The  combined  action  of 
corrosion  and  fatigue  rivet  riaa  to  falluraa  which  charac¬ 
teristically  occur  much  mom  quickly  than  would  be 
anticipated  from  a  conaktemtioa  of  tha  two  effects  acting 
aapwatelv.  Corrosion  /bffeue  (Sub  Topis  18.7.6)  la  quite 
dlatlnct  from  afreet  corrorton  crocking  (Sub-Topic  18.7.9) 
and  occvra  most  markedly  in  those  matela  having  low 
cowoaton  radatanoa.  Corrosion  fatigue  falluraa  map  often 
be  Identified  bp  the  presence  of  many  crack*  which  often 
give  a  serrated  appearance  to  the  tincture  (Reference 
716-1).  laaentlallp  it  may  be  aasumed  that  if  a  component 
will  be  subjected  to  fatigue  loading  in  an  environment 
cornel va  to  the  material  of  construction,  tha  fatigue  life  of 
tha  component  may  be  lam  than  that  indicated  by  data 
from  fatigue  taste  conducted  on  the  materiel  in  afar  or 
vacuum. 

14.5A3  TEMPERATURE.  In  general,  variations  in  fatigue 
limit  with  temperature  follow  the  variations  in  tenaile 
strength  of  tha  asms  material,  thereby  tending  to  preserve  a 
fixed  ratio  of  fatigue  strength,  io  tensile  strength.  Figure 
14.6.3.3a  illustrates  how  the  shape  of  tha  S-N  curve  for  a 
typical  steal  varies  with  temperature.  Moat  materials  having 
a  definite  fatigue  limit  at  norma)  temperature#  lose  this 
characteristic  at  high  temperatures.  Figure  14.6.3.3b  illus¬ 
trates  tha  Influence  of  cryogenic  temperatures  on  the 
fatigue  Ufa  of  four  materials  of  Internet  In  liquid  rocket 
engine  systems. 

14.8.3.4  STRESS  AMPLITUDE 

Alternating  Streak.  The  moat  import-,  t  factor  in  determin 
inf  fatigue  lifetime  is  tha  magnitude  of  tha  external  stress 
or  strain  amplitude.  In  Jw  absence  of  mean  stress,  tha 
alternating  stress  (Sa)  and  cycle  Ufa  (N)  below 
approximately  10°  cycles  may  be  expressed  aa 

i  S*  N  -  constant  <cc  14.8.3.4*) 

4  ■ 

where 


S  -  alternating  stress,  psi 
N  “  cycle  life,  cycles 


Figure  14.8.3.3s.  S-N  Curves  fee  SAB  4130  Steal  at  Various 
TemparatteM 
(ftrtoeoec  146-18) 


a  “8  to  16 

Thus  a  2  percent  reduction  in  alternating  straw  can  Iced  to 
as  much  aa  a  30  percent  reduction  in  fatigue  (Reference 

719-1). 
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UNO  Nm  A  Structure  1M  ay  dad  about  NM  BHM 
Am  oMnt  than  mn  bat  AflMnl  M(h  ubMariuilrilin 
from  chm  aydtd  about  aero  mean  atrawL  Tha  predaa  reaaoa 
for  thli  b  not  known,  tut  It  It  believed  due  to  hntiwA 
effect*  omul  by  pin— le  flow  that  change  the  fatigue 
cbaraetsrbtim  on  oadi  eye&e  (Reference  666-1).  A  mean 
lentils  steam  deeeeteee  fatigue  life,  whmam  e  mean  com- 
nwalw  steam  la— e ee  fatigue  life,  Since  distortion  energy 
(or  octahedral  rimer  drew)  la  the  mine  for  t*  cabin  end 
ootnjnfaailon,  dlatortbm  wwn  lo  not  a  valid  criterion  tar 
the  Influence  of  mean  atraac  (Kebnm  716*1). 


For  tow  yde  fatigue  It  la  ptefsmule  to  we  attain  amplitude 
rather  than  nu  amplltuda.  Tola  ariaan  from  the  fact  that 


rather  than  steam  amplitude.  Tola  ariaan  from  the  fact  that 
grata  pbatio  straining  oomra  In  low-cycle  fatigue,  and, 
eapeddly  for  materiaai  with  relatively  little  atraln  harden- 
log,  attain  U  a  mote  aaeJtive  maaaata  than  atraaa  or  futfgue 
damage.  For  thb  raaaon  the  Ooffln-Mawon  relation  la  wed 
for  low-cycle  utigua: 


(■e  ie.aj.4h) 


where 


c,  and  n  ■  material 


a.  •  the  plant!  n  atenln  amplitude. 


Typical  vniaae  of  t.  are  found  "xperirocotaDy  from  0.2  to 
0.8.  If  lnanfflclant  data  an  available  to  aatabHeh  the  value 
of  n  for  a  given  material,  it  la  customary  to  uaa  n  *  0.6, 
baaed  on  a«  anetyata  by  Coffin  of  a  large  amount  of 
lowwyde  fatigue  data.  If  a  monotonia  taawfla  teat  u 
oowMemd  aa  a  1/4— la  fatigue  teat,  the  above  aquation 
■home  that,  with  n  ■  0.6  and  ap  •  af  (the  atraln  at  fracture 
in  the  tenaOe  teat),  o*  *  a/2.  Ibua,  In  the  abaance  of  fatigue 
data  an  approximate  daaign  formula  for  tow-cycle  fatigue 


■«r 


(6q  M.IA4al 


14.6.8.6  FREQUENCY  OF  ALTERNATING 
STRESS,  cyclic  frequency  haa  m/  tittle  effect  upon 
fatigue  Unit  In  the  naan!  range  of  tearing  frequencies  below 
200  opt.  For  atari  there  in  a  alight  incrc-eea  in  fatigue  limit 
with  Incraaaa  In  frequency,  reaching  n  maximum  at  from 
1200  to  1800  epa,  bay©®!  which  th  j  it  a  dacraaaa.  There 
la  alao  evidence  of  a  2-to-l  raduettou  in  crack  propagation 
rata  with  aa  incraaaa  in  frequency  of  1  to  100  for 
aluminum,  but  a  much  emaUcr  change  in  crack  propagation 
rate  In  vacuum  indicates  that  oonroaion  fatigue  in  probably 
more  regponelbta  than  the  change  in  frequency  (Reference 
368-8). 

14.6.8.6  8IZ!S.  Moat  fatigue  da»a  are  gained  from 
rotating-beam  aparimana  of  0.3-lnch  diameter.  Although 
moat  teat  data  indicate  Utrie  aim  affect  up  to  about  2-Inch 
diameter,  than  b  evidence  that  tatigue  Limit  dacrawaa  with 
incraaaa  in  aiaa  (Figure  14.6.8.6).  Proponed  explanations  for 
a  aim  affect  include: 
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figure  14.5.3.6.  West  of  Sin  on  fto  F atlguo  Strength  of  Steel 
/Adapted  with  parmittion  from  Reference  599- 1. 
“Engineering  Omtgn"  J.  H.  Feupai,  RfUay.  19641 


a)  A  statistical  eiae  effect  related  to  the  probability  of 
finding  a  critical  flow  in  the' moat  hichly  etroaeed  regions 
(including  the  fact  that  a  large  opecimen  haa  more 
volume  subjected  to  a  hlgh-etreaa  Weal  than  dneo  a  *naD 
one) 

b)  A  change  in  metallurgical  atrocture  and  propertiaa  aa  a 
function  of  abeoiute  size 

c)  A  notch -size  affect  related  to  the  steepness  of  the  threat 
gradient  at  tlier  root  of  a  notch  aa  a  function  of  notch 
radius  (Reference  719*1). 

Whatever  the  reason,  there  ia  evidence  to  suggest  that  a  eiae 
factor  of  from  0.6  to  C.7K  should  be  applied  to  the  fatigue 
limit  of  component  elements  exceeding  4  inchee  in 
diameter,  and  a  factor  of  0.9  ahculd  be  applied  to  elementa 
botween  0  to  4  inches  in  diamet  ;. 

14.5.3.7  SHAPE.  Revered  bending  teats  ahow  a  lower 
fatigue  limit  for  rectangular  and  diamond  crocr  faction 
then  for  circular  croaa  section*  (Figure  14.5.3.7)  The 
reduction  in  fatigue  limit  for  rectangular  cross  sections  it 
approximately  G.i)  for  steals  and  somewhat  tower  fa. 
aluminum.  This  difference  is  due  in  part  to  the 
concentration  effect  associated  whir  sharp  corners  on 
rectangular  or  diamond  crosa  swtim 

14.5.3.8  SURFACE  FINISH.  In  genu  si,  a  highly  polish*- . 
surface  gives  the  highest  Catlgue  life,  although  there  is 
evidence  suggesting  that  the  uniformity  of  finish  ia  mors 
important  than  the  finish  itself.  A  aintfii  scratch  on  a  highly 
poliahed  surface  would  probably  lead  to  »  fatigue  life 
somewhat  lower  than  for  a  surface  containing  an  even 
distribution  of  scratchec  Typical  trend  data  are  shown  in 
Figure  14.6.3  3  for  steel.  Surface  finish  influence  ia  very 
closely  related  to  other  conditions,  such  as  residual  stresses 
resulting  from  cosd  nrorkfng  .n  the  finishing  process. 
Poliahed,  ground,  and  machined  surfaces  give  significantly 
higher  endurar.se  strengths  when  the  nuitw  markings 
produced  in  finishing  are  parallel  to  tne  loading.  The  effect 
of  surface  finish  on  steel  parts  subjecteo  to  less  then  1000 


Figure  14.6.3.7.  E  fleet  at  tmtos  ttags  on  Fatigue  lliesth 
(Adapted  with  parmimion  from  ftafarance  599- 1, 

" Kngtmarina  Ocaian"  J.  ML  Fauoai.  Mftrv.  1964) 


HAMlNESS,  thn 


Figure  14.B.3.E.  Reduction  of  Fi»tip»e  Strength  Owe  to  Surface 
rineh  for  Steel  Farts 

(Adaptad  with  parmittion  from  Reference  716 1, 

" Engineering  Sont'deretiont  of  Strati,  Strain  and  Strength" 

R.  C  Jutinaii,  McGraw-Hill,  19671 

cycles  is  generally  considered  negligible,  therefore  no 
correction  is  made  tor  surface  finish  (Reference  716-1). 
Decarburizing  reduces  the  fatigv?  limit  of  a  surface.  Case 
hardening  and  nitriding  improve  fatigue  life.  Heat  treating 
usually  decreases  fatigue  strength  (Reference  19-270). 
Usually  no  fatigue  surface  correction  factor  is  applied  to 
nonferrous  metals  such  as  aluminum  and  magnesium.  The 
harrier  materials  with  uniformly  fine-grain  structure  are 
most  susceptible  to  fatigue  weakening  by  surface  roughness 
Anodizing  aluminum  causes  a  reduction  in  fatigue 
properties. 
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14.5.3.8  MATERIALS.  High  ductility  (particularly  notch 
ductility)  and  good  impact  atrcngth  era  important  for 
flnlte-Ufe  fatigue  applications,  but  bare  little  affect  on 
fatigue  limits.  Contumely,  hardneaa  and  tensile  strength  are 
important  In  establishing  fatigue  limits,  but  may  not  be 
important  in  finite-life  fatigue  depending  on  the  mode  of 
cyclic  spraining. 

14.5.3.10  8TRE88  CONCENTRATIONS.  Fatigue  cracks 
almost  always  start  at  stress  concentrations,  and  the  notch 
senritivity  of  a  material  is  a  primary  Indicator  c *  the 
material's  ability  to  resist  fatigue  failure.  The  difference 
between  notched  and  unnotched  fatigue  specimens  is 
apparent  in  Figure  14.5.2c.  The  sharpness  of  the  stress 
concentration  or  radius  of  the  notch  apex  can  be  of 
significance,  especially  when  corrosion  factors  are  present. 
Iu  general  the  presence  of  any  kind  of  stress  raiser  Iowan 
the  fatigue  life  of  any  component  member.  Strew  concen¬ 
tration  motors  are  treated  in  Sub-Section  14.6. 

14.8.3.11  STRAIN  HARDENING,  STRESS  HISTORY, 
AND  CUMULATIVE  DAMAGE.  Strain  hardening  is  indi¬ 
cated  in  Figure  14.6.3.11a  by  the  variation  in  shape  of  the 
striae  strain  Hysteresis  loop  during  the  first  loading  cycles 
before  atiniiring  a  saturation  level  of  hardening.  The  curve 
drawn  through  the  saturation  « trees  fov  each  plastic  strain 
amplitude  describee  a  cyclic  stresa-plastic  strain  curve.  This 
cyclic  load-deflection  curve  may  be  higher  (for  strain- 
burdening  material.)  or  lower  (for  strain-softening  mate¬ 
rials)  than  that  obtained  in  monotonk  loading.  Three 
variations  in  this  characteristic  are  shown  in  Figure 
14.3.3.11b.  The  stress  rangefdfe  characteristics  of  alumi¬ 
num  is  omen  daily  independent  of  prior  working  history. 
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Structural  Materials"  A.  &  Tatalman  tod  A,  J.  McEvily.  Jr.. 
Wiley  and  Sons.  1967! 


INCONCL  713  C  -  LC  COPPER  IKON 


Figura  1  '.5.3.11b.  Cyclic  and  Monotome  Load- Deflection  Curves 
for  TP  .ev  Metal* 


Structures  which  have  been  hardened,  such  as  cold-worked 
parts,  may  be  softened  when  subjected  to  cyclic  loads. 
Figure  14.5.3.11c  indicates  that  as  strain  cycling  is  con¬ 
tinued  the  annealed  material  hardens  and  the  cold-worded 
material  softens  under  the  influence  of  large  alternating 
strains.  A  beneficial  residual  strew  system  in  a  cold-worked 
surface  may  be  rendered  ineffective  by  cyclic  loading  into 
the  plastic  range  (Reference  719-1). 

Strewing  a  member  n  times  to  some  value  of  stress  f  above 
the  endurance  limit  but  below  the  S-N  curve  usually 
reduces  the  remaining  fatigue  life  of  the  member  (Figure 
14.5.3.1  Id).  In  actual  practice  most  aerospace  fluid  com¬ 
ponents  are  subjected  ro  a  wide  variety  of  loads  in  random 
sequence.  One  method  used  as  a  guide  to  the  cumulative 
effects  of  random  loading  is  baaed  on  Miner's  rule,  which 
states  that  failure  will  occut  when  the  sum  of  the  ratio  of 
the  number  of  cycles  at  the  ith  stress  level,  njv  to  the 
constant  amplitude  lifetime  at  that  level,  Nj,  summed  over 
all  i  r tress  levels  Is  equal  to  unity,  or 

i~i  n 
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Figura  14.b.3.1 1c.  influence  of  C,  -g  on  the  Hardness  of 

Annealed  and  Curd  Wotked  Copper  Specimens 
I Adapted  with  permission  f-om  Reference  719- 1,  "Fracture  ot 
Structural  Materials','  A.  S.  Tetelman  and  A.  J.  McEv.ly,  Jr., 
Wiley  and  Sons,  19671 
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14.1S.1U  Tyntsat  HI  Oispratw  thawing  CmwiWw 
Dffwvgs  Ragton 


icAuut*  limit  of  SA1  1045  atari  oave  been  obtained  hy 
applying  mmrtw  period*  of  10*  steam  gain  begfautina 
jm;  below  lb*  awl  Mdwin  IboH  ml  miring  fits  steam 
in  small  incavsnante.  TMa  paooaaa,  known  aa  rowing  bat 
wawB  tsavlbts  with  M3  5540  aleal  bn*  hOttaOd  with 
7975-T5  and  7015-14  rimntnnna  adoye  and  ant  other 
materiah.  Moca  M  beta  tba  snaring  testament  leqntro* 
many  millions  of  aoeunttay-ootaroued  duo  eynlm,  Its 
application  has  boon  oonflnad  largely  to  laboratory  opart- 
manta  (lUfatanea  716-1).  Althoupi  obvioosty  upaatlMM) 
for  moat  fluid  oomponant  mfltwtiorv,  coaxing  might 
conceivably  find  appliaatioa  taYi#ty  ootbnlaai  aarorpaoa 
fluid  systems  if  the  technique  wara  to  be  proven  «ff active 
rith  tUgh-cteragth  aDoya  Data  an  not  anfltbb  to  do* 
whether  high  andnaama  Undta  obtained  through  coaxing 
an  anatpftb  to  subsequent  redaction  from  high  ampit 
toda  alternating  t  trains  aa  dem  In  Figure  14.5.8.11c  for 
eoypav. 


It  u  ganan  lly  couaidcrad  that  wawtwnhg  above  the 
endurance  limit  for  period*  shorter  than  naoaaaary  to 
produce  failure  at  that  straw  (the  dried  ana  of  Figure 
14.5.3, lid)  reduces  the  endt  ranee  limit  in  a  subsequent 
teat.  Similarly,  underatraming  btlov  toe  andurane*  limit 
may  in etna*  it  (Reference  132-1).  Tb*  raaulta  of  many 
fattgu*  teat*,  eaneeially  at  elevated  tempsratuits,  indtaate 
that  tbs  frequently-accepted  monptkw  that  damage  ia 
proportional  to  cycle  ratio  (hq  14.5.3.11)  am  on  the 
unsafe  aide  under  certain  conditions  'Reference  146-18). 
When  steam  level*  are  progneriniy  increased  or  pro- 
grearively  decreased,  teat,  have  shown  Xn/N  to  vary  from 
0.18  to  S3  (Reference  116-1).  T  ;an  14.5.3.11*  Uhuteatm 
the  manner  in  which  the  sequence  o'  load  application  can 
affect  fatigue  life. 

For  material*  with  a  definite  endurance  limit,  then  ia 
evidence  that  st  lderatraaaing  for  many  cyclaa  just  below  the 
endurance  limit  will  remit  L  a  sf>  cimsn  actually  stronger 
in  fatigue  than  when  new.  This  phenomenon  is  usually 
attributed  to  strain  strengthening  of '  jghiy  localised  vulncr- 
abie  vegiona  o?  to  strain  aging.  Remark  abia  increases  in  tbs 


UFE  FO*  FANDOM  SEQUENCE 

Figure  14.6.3.11*.  gfract  el  leading  gsqusocs  an  Fatigue  Ufa  far 
70T5-T6  AHimlnu.t. 

(Adapted  with  purmiuiott  from  Roforooco  719-1) 


14.5.4  Prattetkts  Fatigu*  Ufi  and  Enduranoa 
Limits 

No  stundanl  for  obtaining  working  fatigue  terms  relations 
has  been  unlvemally  accepted.  Fatigue  life  prediction 
requires  oomlatim  of  lending  with  fatigue  resist  an  o*  of  the 
material,  and  the  aeutoaah  employ  ad  fir  largely  dependant 
upon  which  of  the  following  type*  of  date  an  aveOama: 

a)  Constant  Ufatims  fatigue-strength  diagram* 

b)  Endurance  limit  or  fhtig  j*  limit 

c)  Static  tensile  strength  only. 

14.5.4.1  CONSTANT  LIFETIME  FATIGUE-STRENGTH 
DIAGRAMS.  These  diagrams  provids  the  moat  compre¬ 
hensive  date  on  fatigue  characteristics  and  should  be  used 
when  available.  MIL-HDBX-5A  (Reference  647-12)  cur¬ 
rently  includes  constant  lifetime  diagrams  of  both  un¬ 
notched  and  notched  specimens  of  the  following  materials: 

a)  AIST  4340  steel  bar  at  Ftu  -  126, 150,  200,  and  260  kai, 
with  150  kai  data  at  600,  F70,  and  1000  F  as  well  as  at 
room  temperature. 

b)  2014-T4,  2014-T5,  and  7076-T6  aluminum  alloys 
(wrought) 

c)  Ti  6Al-4V  bar  and  sf  .aet 

d)  M-252  alloy  at  1600°F 

a)  Udimet  500  alloy  bar  at  1200  and  1660°F. 

These  curves  may  also  be  applied  to  similar  alloys;  for 
example,  the  AISI  4340  diagram  may  also  be  used  with 
AIS1  2330,  4130,  and  8330  alloys. 


14.5.4.2  ENDURANCE  LIMIT  OR  FATIGUE  LIMIT.  For 
materials  which  demonstrate  a  fatigue  limit  or  endurance 
limit,  Se,  this  value  ia  usually  tabulated  with  summaries  of 
materia!  properties  such  aa  these  in  Sub-Saction  12.4  of  this 
handbook,  litis  fatigue  limit  is  that  value  of  totally  reversed 
stress  below  which  the  material  can  theoretically  withstand 
an  infinite  number  of  strew  cycles. 


ttOKmn  laoMuaM.  Unless  otherwise  rectified,  moat  tabu¬ 
lations  of  fatigue  (enduranoa)  limit  or  S*N  curves  such  w 
14;6£  «•  based  on  fully  reversed  (usually  rotating) 
bending.  In  the  absence  of  specific  data,  the  fatigue  limit 


14.5.3  -5 

14.5.4  -1 


iSUEO:  NOVEMBER  1968 


FATIGUE 


FATIGUE  FAILURE  PREVENTION 


for  various  loading  oonditiow  may  be  approximate*)  by 
multiplying  immd  or  rotating  bending  ntlgw  limit?  by 
the  following  factor* : 

a)  Reversed  axial  loads.  0.9  no  bonding;  0.6  to  0.86 
indeterminate  bending  (note:  the  lower  valuw  should 
be  used  when  a  probability  of  eccentric  loading  exists). 

b)  Reversed  torsional  loads:  0.68  ductile  metals;  0.8  cast 
iron. 

Where  loads  are  not  totally  revnoed,  as  in  pnetnmd 
members  such  as  threaded  connectors  or  bolted  joints,  the 
fatigue  limit  may  be  expected  to  be  higher  than  that 
tabulated  for  fully  ravened  loading.  Recommended 
practice,  however,  is  to  uae  the  tabu  Is  ted  fatigue  limit  with 
no  correction  for  the  leas  severe  service  loading. 

Sin,  Shape  and  Proportion 

a)  Multiply  fatigue  limit  values  obtained  on  0.3-inch 
diameter  rotating-beam  specimen*  by  the  appropriate 
factor  listed  below: 


Diameter 


Reverse 

Bending  Axial  Torsional 


D50.4  in. 


1.0  1.0  2.0 


0.4  in.<D<4.0  in.  0.9 


1.0 


0.9 


4.0  ln.<D 


0.6  -  0.76  0.6  -  0.76  0.6  -  0.76 


b)  Um  force-flow  diagrams  to  analyse  •  trees  distribution 

c)  Members  should  be  steed  and  positioned  to  carry 
distributed  loads  rather  than  to  have  individual  members 
carry  concentrated  loads. 

14.6.4.3  PREDICTION  FROM  STATIC  TENSILE 
PROPERTIES.  When  data  on  fatigue  characteristics  are  not 
available,  it  is  common  practice  to  estimate  fatigue  life  by 
meant  of  some  form  of  the  Goodman  or  Soderberg 
diagram,  as  described  in  Sub-Topic  14.6.2. 


14.5.5  Designing  to  Prtvont  Fatigue  Failure 

The  preceding  discussion  of  fatigue  refers  to  many  of  the 
techniques  which  may  be  employed  to  minimise  the 
probability  of  fatigue  failure.  The  following  summary  of 
design  considerations  can  be  used  to  assist  in  the  evaluation 
of  fatigue-Mnaitive  designs. 

The  simplest  way  to  decrease  fatigue  s  trees  is  to  increase  the 
size  of  critical  sections,  but  this  approach  hw  obvious 
disadvantages.  For  the  simple  situation  in  which  all  mean 
stresses  are  sero 


(Eq  14.5.6a) 


where 

8f  »  fatigue  factor  of  safety,  dimension] sea 
Sn  »  fatigue  strength,  pel 

Kf  «  fatigue  strength  reduction  factor,  dimensionless 


8„  ■  alternating  strew  amplitude,  pri 

Good  fatigue  proportions  ragtin*  that  K  it  Sr  and  Kf  be 
fix<  end  that  nominal  tl terns. lng-ntvoss  amplitude  be 
adjusted  such  that  ro  t  all  dements  of  the  component 

S.  1 

c"  ~  cTT  "  constant  (a.,  14.5.6a) 


Fatigue  strength,  Sn>  is  determined  at  described  in  8  b- 
Topfci  It  6.2  and  14.6.4.  Equations  (14.5.6a)  ami 
(14.6.6b)  are  also  used  vht.i  mean  stream  are  not  aero. 

14.6.5.1  LOAD  EVALUATION.  It  is  Imjsnitn  in  fluid 
c- important  design  that  loed  wtir^tion  aumint  for  pressure 
fluctuations.  In  rocket  propulsion  systems  it  is  not  unusual 
to  observe  high  frequency  presume  fluctuations  (600  to 
1000  epe)  of  a  peak-to-ptak  amplitude  nearly  aqua  to  the 
ayatm..  pressure.  Under  some  jircunrwtanom  this  loading 
may  oocur  at  *11  times  during  engine  opantion.  Fatigue 
anaiyaie  must  account  for  rauimem  service  lif*  of  he 
component.  For  example,  if  a  rocket  engine  must  be 
capable  of  niataining  twelve  full-duration  flrinpj  or  600 
seconds  and  operate  with  a  1000  cps  praetor*  fluctuation, 
the  accumulated  cycles  will  be: 

12  x  600  x  1000  =  7,2U),000  cycles 

This  is  exclusive  of  strain  cycles  resulting  from  proof 
pressure  testing,  flow  testing,  and  other  comnonent-tevol 
tests.  In  addition  it  is  common  practice  during  rocket 
engine  developmant  to  reuse  certain  componen  ts  on  r  everal 
enginer  during  development,  theraby  subjecting  the  com¬ 
ponent  to  far  more  load  cydes  than  engine  service  life 
would  indicate.  Accordingly,  safe  design  practice  is  to  strew 
all  components  below  the  fatigue  limit,  where  a  fatigue 
limit  exists  for  the  material.  This  can  necessitate  extremely 
conservative  design  with  Ihow  nonferrous  alloys  which 
evidence  no  true  fatigue  limit  and  for  whwdi  only  fatfeue 
strength  at  N  -  IOC  cycles  is  provided.  See  Figure  14.6.6.1 
for  means  of  adjusting  strew  distributions  te>  avoid  fatigue 
failure. 

14.6.5.2  STRESS  CONCENTRATIONS  (See  Sub-Section 


a)  Minimise  ad  stress  concentrations 

b)  Um  maximum  radii  and  fillets 

c)  Ensure  tangential  blend  of  radii  and  plane  surfaces 
(Figure  14.6.6.2a) 

d)  Where  stress  concentrations  cannot  be  eliminated,  mini- 
mixe  effect  by  relieving  adjacent  areas  (Figures 
14.6.6.2b,  c,  and  d) 

e)  Locate  m.-cesrary  strew  concentrations  in  areas  of  low 
nominal  atreas 

f)  Locate  welds  away  from  cross-sectional  discontinuities. 

g)  Ensure  that  welds  ere  full  penetration  (both  by  speciii- 
cation  end  by  providing  adequate  accessibility  for 
performing  the  welding  operation) 

h)  Evaluate  stress  concentrations  associated  with  shrink  or 
press  fits 

i)  When  undercutting  fillets,  avoid  increasing  nominal 
stress 
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aooeo  oroovts 


Figure  14.6  B.2b.  Maatn  d  Rsducloj  Jm  Stna  Conosntratten  In  a 
Notch  ad  Flat  Flats 

I  Adapt  rd  with  parmiuion  from  Pafaranca  716-1 ) 


Figure  14.S>SbSa.  Narrow  Cedars  Wedueu  Straw  Canaamradan 

/AjdsakOnrd  n  JaA  aaNu^s dL^na  GaAaan^M  VdA  f  **** —  - — * - — 

RrRi  pvfrrllWOn  rTVin  NoWnNIwa  »  IRfMNffRE 

Oawalddrartom  of  Straw;  StmOr  am/ Strength?  It  C  JuvkmN, 
hkOraw-HW.  1967) 


Figaro  14.6.6.3d.  Qrooaaa  Haduaa  Straw  Ot  ar  awtrado.i  ftmand 
now 

(Adapted  with  parmiuion  from  Pafaranca  719-1.  "Sngir  wring 
ConaMarationa  of  Straaa.  Strain  and  Strength,"  A  C  JuatnoM. 
McOrawHIU.  1967) 

Figure  14.5.5.2a  illustrates  several  ways  of  reducing  stress 
concentration*  in  a  stopped  shaft  Figure  14.5.5.2f  shows  • 
bolt  and  nut  daaignad  to  resist  fatigue  by  minimising  stress 
concentrations. 

Hie  fotigua  atrangth-raduetkm  factor,  Kf,  is  obtained  from 
die  following  aquation 

K,  =  1  +  (K*  -  l)q  (Kq  14.KS.2I 


where 

Kf  “  fatigue  strength -reduc dot:  factor,  dir^anaionlaao 

K.  -  .hsoradcal  straos  concentration  factor,  dimension* 
leas  (Sub-Topic  14.6.3) 

q  -  notch  sensitivity,  dimensionleas  (from  Figure 
14.5.5.2g) 

In  estimating  q  it  may  be  noted  that  wrought  copper, 
nickel,  magnesium,  and  uunium  alloys  have  roughly  the 
same  notch  sensitivities  as  wrought  steels  of  the  same 
ultimate  strength.  Wrought  metals  ate  more  notch  sensitive 
than  cast  metals,  but  wrought  metals  tested  in  the 
transverse  direction  have  approximately  die  same  notch 
sensitivity  ss  cast  metals  of  the  same  ultimate  strength 
(Reference  1-409).  The  procedure  ia: 
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(•)  »>  (»)  «> 


14,6.5.3  SURFACE  FINISH  AND  TREATMENT 

•)  For  steel,  obtain  surface  factor,  K„  for  fatifne  Unit 
from  Flgura  14.5.3.8,  bearing  in  mind  that  thaaa inraaa 
represent  tha  bottom  of  data  aeattar  bands.  Thaaa  curves 
a ra  ueeu  only  for  cycle  Ufa  greater  than  1000  tydn;  tor 
cyclr  life  lass  than  1000  cycles,  Ka  -  1.  Figure  6.3. *.1.5 
(from  Section  6.0  of  this  handbook)  may  be  of  value  in 
modifying  Ka  from  Figure  14.5.3.8  if  a  lass  conasevativa 
value  of  Ka  is  desired,  based  upon  tha  maximum  depth 
of  surface  irregularities. 


(a)UVCK  ITUiJ  CW CENTRAT ION)  LAROI  MOHS  IF  FOSSISUi  !c) 

ADOiO  OSOOVI  OIVIJ  FURfHU  StNFFITj  (y)  UNWSCUT  SHOULOtl  HtlfS 
IF  MODIFICATIONS  4)  AND  (c)  CANNOT  M  U«D 

Flgura  MJJ.h  Aednlwa  mr*~  0*  matrssltn  In  a  tape 
•haft 

f  lahpir tf  nVtT  r — fron  tMhnnca  716-1) 


NOTlt  THREADS  TO  M  ROLLED; DIAMETER  d  TO  SE  SLIGHTLY  LESS 
THAN  THREAD  ROOT  DIAMETER)  ALL  EILLET  RADII  TO  if 
LARGE. 


b)  For  aluminum,  magnesium,  and  moat  nonferrous  mate¬ 
rials,  a  surface  factor  of  unity  is  normally  uaad 
(Refarai.ee  731-1 X  although  there  are  indication  that 
tha  application  of  soma  surface  factor  lass  than  unity 
may  be  appropriate.  For  hard  nonferrous  materials  at 
uniformly  fine-grain  sir  sc  turn,  it  may  be  das  liable  to 
regard  surface  roughness  as  a  special  caar  of  geometric 
strass  concentrations  (Refc.enee  716-1). 

c)  Application  of  Figure  14.5.3.8  surface  finish  data 
should  be  undertaken  with  the  realisation  that  moat 
acroapac*  fluid  components,  especially  in  small  aisaa,  are 
finished  to  a  much  smoother  surface  than  that 
associated  with  the  correepondhig  commercial  opera¬ 
tion.  Commercial  polishing,  for  example,  anocmpasesr 
roughness  heights  from  0.5  to  32  micro  inches 

d)  Fine-grinding  or  polishing  of  fatigiiS-criUcal  locations, 
•specially  those  susceptible  to  tool  marks,  may  improve 
fatigue  life. 

c)  Shot  peening  or  other  techniques  which  form  residual 
compreeeive  stresses  in  the  stressed  surface  should  be 
considered  for  specific  applications.  (The  shot  peening 
of  the  interior  of  titanium  tanks  foi  N2O4  service  la  an 
example,  although  the  primary  purpose  was  to  prevent 
stress  corrosion  cracking  rather  than  fatigue.) 

f)  Case  hardening  can  be  used  in  some  instances  to  increase 
local  strength  without  increasing  size  or  weight,  m 
shown  in  Figure  14.5.5.1.  Shafts  in  bending  or  torsion, 
wherein  stress  is  a  maximum  at  the  outer  surface,  are 
examples  of  such  an  application.  In  such  cases,  the  sties* 
gradient  must  be  plotted  and  superimposed  on  the 
fatigue  limit  gradient  to  ascertain  minimum  margin  of 
safety. 

14.5.5.4  MATERIALS 

a)  For  low-cycle  fatigue  applications  (below  10,000  ryclas 
for  this  purpose),  select  materials  with  high  notch 
ductility  and  good  impact  strength. 


FiWM*  14.9.8.;*.  Notch  SewsWvHy  Factor,  q 
IAdm»* §d  with  Ptftniuion  from  HoHnn cm  716-1,  ‘ffngrfiwerft* 
Cona/dandoni  of  Stm*.  Stnin.  and Strangih?  H.  C 
Jorlnall,  MeOnwHUI,  1967).  fCutvm  attribute!  to  Pamnon 
(Ad*>t*J  with  parmbritm  i'rom  Ptfantnca  737  1.  "Stress 
Concentration  Deign  factor*?  ft.  6.  Pamnon,  \Mtav 
and  Sam,  1963) 

a)  First  determine  K,  from  tha  geometry  of  the  part 

b)  Determine  q  on  the  basis  ot  the  material 

c)  Calculate  Kf  from  Equation  (14.5.5.2) 

d)  Divide  the  endurance  limit  (or  fatigue  limit)  of  the 
materia)  by  Kf. 


b)  For  high-cycle  fatigue  applications,  select  materials  with 
high  fatigue  (endurance)  limits.  Roughly,  above  100,000 
cycles,  it  may  be  aesumed  that  fatigue  strength  increeeeu 
in  direct  proportion  to  ultimate  strength  or  E  H<nt 
(Reference  1-314).  Fatigue  strength  increases  with 
ultimate  strength  or  hardness  only  to  about  200,000  psi 
ultimate  strength.  In  general,  for  higher  strength  mate¬ 
rials  there  is  little  increase  in  fatigue  strength. 

c)  Avoid  materials  with  sharp  ductile-brittle  transition 
temperatures,  especially  for  cryogenic  service. 

d)  For  low-cycle  fatigue  applications,  reduce  the  range  of 
cyclic  elastic  strain  by  selecting  materials  with  high 
modulus  of  elasticity,  F,  and  reduce  cyclic  plao'ic  strain 
by  selecting  materials  with  high  cyclic  yield  strength. 
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f)  Xuv  itHMi  fatlgaa  (mNwm)  Ihntt  NhM  and  m 
mINiwi  or  avaraga  Vmi  only  avamaa  valuaa  of  I.  art 
win  Mr,  this  mm  solas  ahooldba  amhlgliad  by 
O.TI  te  tha  Amm  otoiw  date. 

g)  To  avoid  a  10  to  SO  pncnt  ndatttoa  la  tatigaa  limit, 

K1f»  tho  dhoattea  of  grata  flow  for  forglap,  astro- 
*,  aad  oiter  dtwaiionaPy  orlaated  Materia  la  to 
aaaara  that  eyahc  atraoMa  act  ia  tea  loagitatlteal  mthar 
than  taaaaaaaaa  Jboath m. 

14.8.1.&  ABSONANT  FR1QUBNCY.  Vibration  of  a  mam- 
bar  at  aataral  fraquaacy  caa  load  to  rapid  nwamMoii  of 
many  high  amgdHtuda  fhttgaa  eyelaa  aad  aohosqmiot  faSura 
Tha  naaatBtr  of  saah  nwjnant  tetlgaa  fMaraa  aaa  ba 
mUhainod  by  tea  fallowing: 


a)  Baaiga  for  marl  warn  atiffaaaa  by  prodding  for  aaasi- 
mom  Moiawnt  of  teartfa  la  baadbu  aad  by  oaiag  riba  or 
flaagaa,  «  agyroyriata.  This  wifl  both  lamaa  aatanl 
fteqaaacy  and  radooa  ampStodo  of  naoaaat  vibration. 

b>  Bodmin  affactlvs  laagth  of  tha  mambar  by  yrovkHag 
agycda  which  raatrala  motion  la  tha  abaction  of 
vibratory  motion. 


damping  by  auoh  manna  aa:  rorroanding  or 
ba  maatear  with  liquid,  substituting  rivoted 
tar  waidad  joints  hi  larya  aoaaponanta,  optimising 


gaakata  and  adhaafraa,  aad  utStaiag  a 
with ^a  hijgb  ayaolflc J«Mg^  aoatgy^Uteuro^^ 

taka  *dvaat*ga  of  mapMtoalaaHe  kystaraeta)  (Rafaranoa 

1-40*). 
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14.6  STRE88  CONCENTRATION  FACTORS 
14.4.1  DUCTILE  MATERIALS 
14.4.4  BRITTLE  MATERIALS 

14.3.8  STRESS  CONCENTRATION  FACTOR  CHARTS 

14.6.3.1  Flat  Plata*  with  Holt* 

14.6.3.2  Clevis  or  Trunnion  Conn  acton 

14.6.3.8  St*pp*d  Cylinders 

14.6.3.4  Ban  witL  Shallow  FlU*t  Groom 

14.6.3.5  Circular  Shafts  with  Tranavaiar  HoJaa 

14.6.3.6  Stepped  Ban  and  Shafta  with 
Circular  Fillata 

14.6.3.7  Circular  Shalt*  with  Groom 

14.6.3.8  Bon  with  Kotehaa 

14.6.3.9  Circular  Shalt  with  Kayway 

14.6.3.10  DlametnUy-Loaded  Ring* 

14.6.3.11  U-Shapad  Member 

14.6.3.12  Flat  Bar  with  Protruaion 

14.6.3.13  Planf*  in  Banding 


14.6  STRESS  CONCENTRATION  FACTORS 

Th*  alamantary  straw  formvlw  of  8vb~S*ctk>n  14.3  an 
b-wd  on  maniban  haring  a  constant  aaetion  or  aaetkn  with 
gradual  chang*  in  contour.  Th*  praaanc*  of  ahouldats, 
groom,  hoita,  kayways,  threads,  ate.,  .aault  in  incraaaad 
localised  straw  or  straw  concentrations,  a  maasura  of  which 
ia  th*  straw  concentration  factor,  K,  daflnsd  tar  noiinal 
straw  (tanaion  or  banding)  at: 

K=Kt=tj!~  (§,14M 

wtoar* 

K  ■»  straw  concantration  factor,  dimanskmlaw 

K>  theoretical  stress  concentration  factor, 
dimansionlaw 

f _ -  maximum  or  affective  straw,  pai 

IP  IX 

f  -  calculated  straw  based  upon  load  and  area  orJy, 
Pal 

or  for  shear  straw  (tension) 

K  =  Kf|  =  {j~-  <€q  14AW 


Whan  no  q  data  an  available,  it  ia  suffaatad  th*  theoretical 
straw  eon  nentratton  factor,  Kt,  be  used  akm*.  If  tin  notch 
sensitivity  factor  ia  not  uasd.  th*  wr *or  will  b*  on  tha  safe 
aid*  (Reference  737  1). 

14.6.1  Ductile  Matarialt 

Ductile  material*  exhibit  straw-strain  curves  as  shown  in 
Figure  14.6.1.  Ordinarily,  a  ductile  mam  bar  with  a  steady 
straw  (uniaxial)  dow  not  Ium  strength  due  to  th*  praaanc* 
of  a  notch.  If,  however,  the  part  to  loaded  with  a  steady 
straw  and  auujactad  to  abode  loading,  or  subjected  to  hip 
or  low  temperatures,  or  if  tha  part  has  sharp  discontinuities, 
th*  material  may  bahava  in  tha  manner  of  brittle  materials. 
If  than  to  doubt,  th*  straw  concentration  factor  should  be 
applied.  When  a  part  to  touted  with  a  steady  straw  with  an 
si  tarns  ting  straw  superimposed,  tha  straw  oonoantiation 
factor  to  usually  applied  to  tha  alternating  oomponant  only 
(aaa  Sub-Section  14.6). 

14.6.2  Brittit  Materials 

Brittle  materials  exhibit  straw  *  train  curves  such  as  that 
shown  in  Figure  14.6.3.  In  the  design  of  members  of 
brittle  materials  tha  straw  ooncautration  factor  should 
always  be  used.  Where  steady  atrawac  and  alternating 
stream  an  superimposed,  tha  straw  concentration  factor  to 
applied  to  both. 

14.8.3  Strtti  Concantration  Facto'  Charts 

In  using  the  following  charts  th*  maximum  normal  or  shear 
straw,  fm*x  or  f«max  to  found  by  multiplying  th*  v  mlnal 
stress,  f,  as  found  by  tha  elementary  formulas  in  Sub- 
Section  14.3,  by  tha  straw  concentration  factor,  K,  w 
follows 


STRAIN,  a 


*hen  Figure  14.6.1.  Sues*  Strain  Osh m tor  of  DuetM*  MsWtlab 

K.  ■  theoretical  shear  strew  concentration  factor, 

1  dimension  law 

f  _  -  maximum  or  effective  shear  strew,  psi 

finaii 

f  •  calculated  shear  straw  baaed  upon  load  and  aren  stress,  f 

*  only,  psi. 

From  Sub-Section  14.5,  the  fatigue  strength-reduction 
factor,  Kf,  to  determined  from  the  theoretical  straw 
concentration  factor,  Kt,  and  the  notch  sensitivity  factor, 

q,  in  tha  formula:  Figure  14.6.2.  Straw-Strain  Behavior  of  BrftCs  MsRwWs 

Kf  =  1  +  (Kt  -  l)q  (tq  14.6c) 
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Additional  (Mon  for  j  Im  number  of  aituatlooa  may  ba 
farad  k  Patarara^elamtafrjoh  on  the  tafaeet,  Raft  roam 

buttons  may  be  farad  la  the  aaamwra  wfawww  Ibtad  at 
the  aad  oftttit  tetiion. 

14.6.3.1  PLAT  PLATS8  WITH  HOLBS.  Figuraa  14.6.3.1a 
through  h  ghra  strata  oonoantration  baton  far  fia*  ptataa 
with  tdat. 


14.6.3.1  CLKV1A  OR  TRUNNION  CONNECTORS.  la 
"  mtfama  load  la  traanaltted  from  oaa  maaabar  to 
pin  or  trunnion  connacttona  through  circular 

_ am  In  Pirate  14.6.3.*.  lath*  earn  the  lanar 

aurCaoa  of  tha  hola  b  aubfacted  to  a  hl0i  bearing  strata 
whleb  laaalta  la  a  atram  oonaaotrattoo  affaat.  Seam  raautta 


baaad  on  phatcalaatla  Uata  art  shown  la  Figure  14.8.8. Sb 
for  aloaa  fitting  pirn.  Cum  A  ia  baaad  on  a  ooaaldaratlon  of 


*"•*  (w  -  a)h 

«h«n 

fH4t  ■  not  internal  straw,  pti 
P  *  appltad  force,  lb^ 

w,  a,  and  k  ■  dimanaion  in  Plgura  14.6.3.7a. 

Wharam  curra  B  ia  baaad  on  baariag  araa 

t  =1 

Win  ^ 

14.6.3.3  STEPPED  CYLINDERS.  Pigura  14.6.8.3  ghrw 
atraaa  concentration  factors  for  a  ateppad  cylindar  aid 
ahouldar  fUiata. 

14.6.8.4  BARS  WITH  SHALLOW  FILLET 
GROOVES.  Figure*  14.6.3.4a  through  «  giro  atraaa  eonovn- 
tration  factors  far  flat  and  round  bars  with  shallow  fillets  or 


14.6.3.6  CIRCULAR  SHAFTS  WITH  TRANSVERSE 
HOLES.  Figurac  14.6.3.5a,  b,  and  c  give  atraaa  voucentra- 
tion  factors  for  ahafta  with  tranavarw  holw. 

14.6.3.b  STEPPED  BARS  AND  SHAFTS  WITH  CIRCU¬ 
LAR  FILLETS.  Figuraa  14.6.3.6a  through  g  ghra  atraaa 
concentration  factors  for  atappad  flat  ban  and  circular 
ahafta  with  fillata. 

14.6.3.7  CIRCULAR  SHAFTS  WITH  GROOVES.  Figuraa 
14.6.3.7a  through  d  gin  atraaa  concentration  facto  a.  for 
circular  shafts  with  circular  grooves. 

14.6.3.8  BARS  WITH  NOTCHES.  Figuraa  14.6.3.8a 
through  f  giro  atraaa  concantration  factors  for  flat  bars  with 
notches. 

14.6.3.9  CIRCULAR  SHAFT  WITH  KEYWAY.  figure 

14.6.3.9  givsa  atraa  concantration  factors  for  a  circular 
•haft  with  a  longitudinal  ksyway.  Note  the  radius  in  tha 
key  way. 

14.6.3.10  PI AMLTR ALLY- LOADED  RINGS.  Figura 

14.6.3.10  givaa  strata  concantration  factors  for  both  in¬ 
ternally  and  externally-loaded  rings  with  loading  in  two 
placet  only. 


14.6.3.11  U-SHAPED  MEMBER.  Pleura  14.6.6.11  glra 
atram  coacratratton  Acton  fay  a  flat  U«hapad  mrabar. 

14.6.3.11  PLAT  BAR  WITH  PROTRUSION.  Plgura 

14.6.3.13  gtaaa  atram  ccnaantratfoa  factors  far  a  flat  bar 

with  a  protrusion. 

14.6.3.13  PLANOB  IN  BINDING.  Pleura  14.6.3.13  ghraa 
atram  ooooantmtkm  faatora  for  a  straJNit,  infinitely  long 
flange  In  banding. 
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(Adapted  with  permission  from  fHfemtee  99t-1,  Sngineering 
Boston.  J.  H.  Feuoei.  Mttey.  19941 
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(Adapted  with  permission  from  Aeferen ea  599- 1,  "Engineering 
Design,"  J.  H.  Feupei.  WUev.  1994/ 
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Plgura  '4  8.3.1a.  IW  ConBantrwtiow  ftm>  for  Tanalenlng 
«l  a  Plata  wttfi  an  iarantrla  Hola 
< Adopted  wit*  pormluion  from  Rofotonoo  580-1.  "Enginoorio « 
Onifn"  J.  H.  Foupoi,  WHoy.  1964 ) 
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Plant  14.l3.1i  Strati  Connantratian  Factor  for  BanOtog 
a*  Plata  with  an  SHIptioal  M«4a 

(Adpatnd  with  pot  minion  from  hoforone*  699- 1,  “Engirmring 
Dot* Ft-  J,  h.  Fmpoi.  moy.  19641 


Figure  14.6.3.11.  Strata  Conoantration  Factor  for  Biaxial 
Slraaslng  of  a  Plata  Containing  a  Row 
of  Hoi  a* 

fAdsptod  with  pormivtion  from  Roforonco  698-1,  "Enjinooring 
Dmtgn"  J  H.  Fnwoi,  mtoy.  19641 
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Fig we  1444.1b.  Km  ConoantratfM  Port-  for  i  FU* 
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(Adtpwd  with  ptrmlmtcn  from  BtWrtwot  999-1.  "Cntinttrim 
Ottfr?  X  H.  Fmipti.  M itty.  1994) 


Figure  14.9.3.2a.  Ctovb  Pin  or  Trunnion  Conn— lion 
(Adapted  with  ptrmmtoo  from  Btftrwtot  999-1.  ~9ntintoriot 
Dmifirt'/  J.  H.  Fmtpti.  Witty.  1994 ) 


Figure  144.3.2b.  tiro—  Conaontr.ition  in  Ooeb  Fin  or 
Trunnion 

(Adapted  with  pmmmion  from  Btftrtnot  999-1,  "Cnfinttring 
Omtpt~  J.  H.  Ft up*  Witty.  1994) 
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figure  14.0.3.6a.  Straw  Concentration  Factor  lor  Tenaiening 
o*  a  Piet  Bar  With  Ocular  FWetr 

(Adapted  with  cumumion  from  Reference  598- 11 


RATIO  -1. 

a  Flat  0tr  wMi  CMa  Fa 
(Adapted  with  pormaeioe  from  Mw 


RATIO  r/d 

Figure  14.0.3.6c.  Straw  Concentration  Factor  lor  Tendoning  of  a  Solid  Round  Bar 
with  Shoulder  Fillet 

f Adapted  with  permission  from  Reference  598-1 ) 


ISSUED:  NOVEMBER  1968 


14.6.3  7 
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Figure  14.8.3.7a.  Straw  Concentration  Factor  for  Tanaiontng 
of  a  Solid  Round  Bar  with  a  Circular  Groove 
(Adapted  with  permission  from  Reference  598 *  1) 


RATIO  r/d 

Figure  14.8.3.7b.  Straw  Concentration  Factor  .'or  lending  of  a 
Solid  Round  Bar  with  a  Circular  Groove 
! Adapted  with  permission  front  Reference  596-1) 
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Flfura  14.6.3. Sr.  Str—  Coomi traton  Factor  for  Tanaiomnt 
of  a  Notched  Flat  Bar 

(Adapted  with  permission  from  Reference  596-1.  “Engineering 
Design’;  J.  H,  Eevpei.  Wiley  1984) 
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Fipuia  14.6.3.76.  Str***  Concentration  Factor  for  tensioning 
and  Badinf  o*  a  Solid  Round  Bar  with 
HwwWic  Notch  Graw* 

(Adapted  with  permission  frem  Reference  598-1.  “Engineering 
Design  7  J.  H.  favpei.  Wiley.  1964 ) 
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Figure  14.I.1N.  Effect  of  Multiple  N«Mh«  in  •  F'.tt  FiM 
(Adapted  with  permission  from  Reference  *08-1,  "engineering 
Design';  J.  H.  Faupei.  Wiley,  19641 


Figure  14. *3. 6b.  Stm*  Concentration  Factor  for  Banding  of  a 
Notched  Flat  Oar 

(Adapted  with  permission  from  Reference  59R-1I 


STRESS  CONCENTRATION  FACTOR  FOR  STRAIGHT  SIDE 
NOTCH  WITH  CIRCULAR  ROT.OM  (DOTTED  AIOVE) 
FROM  TIGURE  U.6.3  * 


Figura  14.6.3.8c.  Effaat  of  Notah  Angia  on  Street  Concentration 
Factor 

(Adapted  with  permission  from  Reference  59C-1) 


Figura  14.0.3.8a.  Strap*  Concanf.-avion  Factor  for  TunaJonfng 
of  a  Notch'd  Flat  Bar 

(Adapted  with  permission  from  Reference  598-1,  " Engineering 
Design "  J.  h  Fnpei,  Wiley.  1964* 
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Figure  14.8.3.11.  Straaa Coraantratton  Factor  trt  Liter* 
Loading  of  a  U-Stupad  M-mtar 

(Adapted  with  permission  from  Beferet  ■»  599-1.  “ Engineering 
Design'/  J.  H.  Peupei,  KW ey.  19641 


14.6.3  12 


ISSUED:  NOVEMBER  '.»68 


STBS  CONC£MT«TK>'  FACTO!  «C) 


STRESS  CONCENTRATION  FACTORS 


FLAT  MAR  PROTRUSION 
FLANGE  SEMD2NG 


(Adapted  with  parmhakm  from  hafaranoa  080- 1,  "tngtnoarr.f  v.'k><A 

Oeelgn“  J-  M  Faupal,  MMy.  1804) 
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14.7.2.1  Membrane  Stresses 
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14.7.2.6  Influence  Coefficients  for  Short 
Cylinders 
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Closure* 

14.7.2.7  Openings  in  8halli 

14.7.2.8  Concentrated  Loads  on  Membranes 

14.7.2.9  Spherical  Membranes 

14.7.3  PRESSURE  STRESSES  IN  HEAVY-WALLED 
COMPONENT’ 

14.7.3.1  Cylinders 

14.7.3.2  Spheres 

14.7.4  dUCKL!NG  OF  TH1N-W  ALLED  COMPONENTS 
14.7.4.  \  Critical  External  Pressures 

14.7.4.2  Buckling  of  Cylinders 

14.7.4.3  Buckling  from  Internal  Pressure 


14.7  PRESSURE  VESSELS  AND  PRESSURE 
STRESSES 

The  determination  of  pressure  stresses  in  a  valve,  line,  or 
other  fluid  component  is  an  !nte  rral  part  of  the  component 
deiigr.  Pressure  stresses,  in  combination  with  thermal, 
structural,  and  mounting  stresses,  usually  determine  the 
material  thicknesses  required  by  a  structure.  Normally,  only 
a  simplified  analysis  is  performed  by  the  component 
designer.  This  analyse  would  include  the  calculation  of 
hoop  stresaes  in  cylinders  and  spheres,  and  bending  stresses 
<n  flat  plates  used  in  closures.  Stress  concentration  factors 
based  on  published  data  and  experience  would  then  be 
applied  to  account  for  the  discontinuity  stresses  at  changes 
iu  sections.  This  approach  is  adequate  for  moat  aerospace 
fluid  components.  However,  when  weight  becomes  a  critical 
factor  and  the  above  procedure  does  not  yield  a  satisfactory 
design,  a  more  sophisticated  analysis  is  required.  This  may 
be  performed  by  a  stress  analyst  or  by  the  designer  himself. 
It  is  the  purpose  of  this  section  to  present  an  analytic 
technique  which  may  be  used  fo-  a  more  accurate  analysis 
than  the  tudimentary  one  noted  above.  Tablee  and  curves 
of  critical  parameters  are  presented  to  ease  the  ca'culations 
as  much  us  possible.  The  excellent  summary  of  basic 
pressure  vessel  equations  presented  by  Roark  ( Refer¬ 
ence  461-2>  is  reproduced  with  permission  as  Table  14.7  .o 
provide  a  consolidated  ready  reference 

14.7. 1  Design  Criteria 

Design  criteria  normally  established  for  a  component 
inc'ude  maximum  values  of  size,  weight,  and  leakage  as  well 
as  minimum  values  for  power  and  response  time.  In  thir 
section  wc  arc  only  concerned  with  the  criteiia  affecting 
pressure  induced  stress  in  the  component  —  primarily  size 
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PRESSURL  STRESS 


and  weight,  in  order  to  aaeure  satisfactory  operation  and 
.  structural  integrity  ever  the  required  preeeure  range,  sam- 
of  moat  fluid  components  are  proof-pressure  and 
-pressure  tested  (Section  16.0).  Hoof  pr— auree  are 
normally  set  at  1.5  to  2  times  the  working  preeeure,  while 
buret  presauree  are  set  at  2  to  4  times  the  working  pr»ur: 
(tee  Table  14.2.1.3c).  Components  should  not  exhibit  any 
signs  of  permanent  deformation  or  functional  Impairment 
following  a  proof  pressure  teat  and  may  yield  but  not 
rupture  during  the  bunt  pr aseure  tact.  The  properties  of  the 
component  material  will  determine  whether  the  proof  or 
bunt  condition  will  govern  the  design.  It  is  advisable  to 
cmipute  the  component  wall  thicknesses  on  both  no 
yiald-st-proof  and  no  fail-at  burst  criteria  and  to  use  the 
more  conservative  of  the  two  value*  in  the  design. 

Deflections  due  to  applied  loads  may  cause  seal  unloading 
and  subsequent  leakage  and/or  component  distortion  with 
an  accompanying  binding  of  moving  parts.  Deflection 
rather  then  street  may  govern  the  actual  component  design 
and  should  be  computed  for  any  --omponent  where  it  could 
affect  function  or  mounting.  8tiffneaa  criteria  are  discussed 
in  Detailed  Topic  14.2.1.3. 

Buckling  as  a  result  of  fluid  pressure  is  often  the  most 
important  design  criterion  for  thin-walled  components.  The 
necessity  for  evaluating  a  component’s  resistance  to  buck* 
ling  is  obvious  for  those  vessels  designed  for  operation  with 
interna!  pressure  lower  than  external  pressure,  but  is  too 
often  overlooked  for  the  following  two  equally  important 
situations. 

1)  A  component  which  is  normally  internally  pressurized  is 
subject  to  buckling  if  it  is  evacuated  dur'ug  some 
intermediate  process  (t.e.  the  evacuation  of  certain 
spacecraft  propel!  on  tanks  preliminary  to  filling  with 
propellant). 

2)  Buckling  of  thin-walled  components  may  result  from 
infernal  pressure.  Thir  phenomenon  is  frequently  the 
primary  failure  criterion  for  thin- walled  vessels  which 
are  of  a  "flattened”  configuration,  such  as  non*circula> 
section  toruses  and  tomphericsl  or  elliptical  i  uo 
closures. 

Except  as  noted,  the  following  assumptions  apply  to  the 
equations  presented  in  this  sub-section  (Reference  132-7): 

1)  A  brittle  material  is  perfectly  elastic  up  to  its  ultimate 
strength.  When  it  fractures,  according  to  the  maximum 
principal  (tensile)  stress  theory,  it  does  so  without 
appreciable  yielding. 

?)  A  ductile  material  is  perfectly  elastic  up  to  the  yield 
point;  thereafter  it  yields  at  constant  maximum  shear 
stress  (Ttesca  theory);  no  strain  hardening  occurs. 

3)  The  temperature  is  low  enough  so  tha*  creep  is 
negligible. 

4)  Temperature  and  stress  have  no  effect  on  elastic  moduli 
and  the  yield  point;  the  coefficient  of  thermal  expan¬ 
sion  is  negligible. 

5)  The  Rauschinger  effect  does  not  occur  (reduction  in 
yield  .  oini  due  to  pr.-vious  plastic  flow  in  the  reverse 
direction). 

6)  The  strains  are  small  compared  with  the  dimensions  of 
the  vessel. 

7)  Important  stress  raisers  are  absent. 
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T#  1 14.7.  florwwdto  Hr  Hi  Hi  and  DeOaudwei  to  frwmi  V— ■ H. 
(Adapted  wit/t  ptrmMon  from  Attune*  461-2,  "Formuftt 
for  Sum  end  Strut  i.  "  *.  J.  /7‘wfl,  kteOmw-HUI  took 
Company,  In.,  'SCSI 


Notation  for  thin  vaasela:  p-  unit  pressure  (ll>.  per  *q.  in.);  1/  «  meridional  mrmhrtnr  stress,  positive  when  t entile  (lb.  per  eq.  in.); 
(*  »  hoop  membrnne  stress,  poaitive  when  tenaile  (Ih.  per  aq.  in.);  Ifa,  —  meridional  bending  stress,  positive  when  tenaile  on  convex 
aurfaca  (lb.  per  aq.  in.);  Cat  “  hoop  bending  ■"treat,  poaitive  when  tenaile  at  convex  surface  (lb.  per  aq.  in.);  C*  -  hoop  atroaa  due  to  dis- 
eontinuity,  poaitive  when  'ansile  (lb.  per  aq.  in.);  /,  -  ahear  atreaa  (lb.  per  aq.  in.);  I'„  V.  -  traneverae  shear  normal  i  •  wall,  poaitive 
whan  acting  at  ahown  (lb.  par  linear  in.);  M M ,  —  bending  moment,  uniform  along  circumtcrence,  positive  when  a>  Ung  a*  ahown 
(in.-lb.  per  linear  in.);  s  •  distance  meaaured  along  meridian  from  edge  of  veaeel  or  from  discontinuity  (i.>  );  R i  -  mean  radius  of  -urva- 
tura  of  wall  along  meridian  (in.);  R,  «  mean  radius  of  curvature  of  wall  normal  to  meridian  (in  );  R  -  mean  radius  of  circumference 

(in.);  <  -  wall  thickness  (ii..),  S  -  modulus  of  elaaticity  (lb.  per  aq.  in.);  »  -  Poisson ’•  ratio;  f>  ~  x  “  ^^~R 

diapiacement  positive  when  outward  (in.);  S  -  change  in  slope  of  wall  at  edge  of  veaeel  or  at  discontinuity,  positive  when  outward  (radi¬ 
ans);  y  <*  vertical  deflection,  positive  when  downward  (in.).  Huhecripta  1  and  2  refer  to  part*  into  which  vessel  may  be  imagined  aa 

V 

divided,  cylindrical  shell  and  hemispherical  head.  General  relations:  //*  —  at  auifacc;  ij  —  —■ 


Thta  VBBMb-  mm abraaB  eirutm  (f  (rm/kiNeial)  and  f>  (Hoop) 


P«M  of  V«WI 

Fwawlat 

RIG 

t.  U  odor  a  i«Uro*l  (or  «i- 
iorool)  p.'MMTO  p,  lb,  pff 
M).  lift. 

/*"'r 

■UdW  dWeSnamK  -  J  l.tarnal  hurMna  pnwuw  (Ha.  -  ultima.  l«»lh 

- _ _ _ _  1/  V _ V  ■‘"’'SlK.s-Wnwrsdiw.t-oul.rrwIlw) 

CrIMrM 

V1  +  ‘r(?)7 

wbarr  «»  -  aomptraiv  yioftd  point  of  nuurckl  (R*f.  1).  Thi*  formula  it  for  aanrfaftr  failure,  and  bold*  only  »b*n  >  proportMial 

limit. 

. 

<$>& 

I.  Uaifarm  brtanal  (or  ax- 
(mol)  prmu*  p.  lb.  per 
•q.  k. 

Radial  d»placsmaal  -  (1  -u) 

S.  Uaifora  kUrnol  (or  #*- 
UfMtl)  prtwn  f.  lb.  par 
aq.  in..  tMqaatial  adc* 
auptnrt 

L  P*  ,  2pAsin«fl  — 

'£  -  Cbaa*t  m  side  ilop*  Am  -  - - *— 

*  _P* 

^  f  coo  m 

CoaieaJ 

4.  kdw  aa  (.'abb  t  but  vwrti- 
«ol  sds*  MWiWt 

At  Mpportod  ode* 

/  P* 

b- 

RfMatioa 

pT  l/*)PUh«  ,  Wun«] 

I L  ~  S  fl  item*  j 

(U  •  ^11(1  —  u).  8|*iib  K«rt  am  fo*  inttmal  ittibbutb) 

ft.  PIIM  lo  daptu  i  with 

liquid  of  Bp  wt.-ylb.  par 

cu.  in.,  (-offanliol  M4« 
support 

At  any  laral  >  abor#  botto* 
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TaMa  14.7.  Formulaa  tot  Straa uaa  and  Dafiaetlon  in  Fmaaura  Vaiaali  (Contlnoadl 
(Adapttd  with  parmiuion  from  llamranca  461-2,  “rormulM  for  Sir***  and 
Strain, "  R.  J.  Roark,  McGraw-Hill  Book  Company,  Inc.,  I965‘ 


Notation  for  ton  k  vessels;  /,  —  meridional  wall  stresa,  punitive  when  noting  ns  shown  ()l>.  per  nq.  in.);  4  '•  hoop  well  strew,  positive 
when  »i  1  hi*  ns  shown  (lit.  per  sq.  in  );  f,  —  radial  wall  stress,  positive  when  noting  ns  shown  ilh.  per  nq.  in  ),  n  •"  inner  radius  of  vesael 
(in .) ;  b  —  ttuter  ratlins  of  vessel  (in.) ;  r  —  radius  from  axis  to  point  where  stress  is  to  he  found  (in.) ;  Aa  •  change  in  it. per  radius  due  to 
presLUre,  positive  when  representing  no  inerease  ( ir. . ) ;  Sb  —  change  in  outer  radius  due  to  pressure,  poaitive  when  representing  sn  inerease 
(in  ).  Other  notation  same  as  that  used  for  thin  vessels. 


Th*k  v«w It —wall  Arw  f  (longitudinal),  (eimimffrfntmj)  bik‘  fr  (rW.*l) 
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When  fluid  component*  are  used  ovrr  a  wide  range  of 
timperaturea,  aa  ia  the  r*s*  with  unit*  uaed  for  cryogenic 
fluid*  or  thoae  attached  directly  to  rocket  engine  ,  tha 
material  propertie*  mutt  he  conaidered  over  the  entire 
temperature  range.  Ma  ty  material*  exhibit  phase  change* 
with  resulting  change*  in  properties.  This  wa*  illustrated  in 
the  case  of  carbon  a  tee  la  by  the  brittle  failure  of  certain 
Liberty  ships  of  welded  construction  and  by  similar  failure* 
in  fluid  components  in  cryogenic  aervicc. 

Compatibility  of  the  fluid  with  the  component  material 
must  also  be  conaidered,  aa  corrosion  will  weaken  the 
structure  and  may  cause  premature  failures.  The  compati¬ 
bility  of  the  component  material  with  the  mount  material, 
insulation,  and  external  atmosphere,  if  any,  must  also  be 
considered. 


14.7.2  Membrane  Stress  Analysis 

The  following  equation*  are  baaed  principally  on  a  thin-wall 
or  membrane  analysis.  This  results  in  calculated  stress  levels 
which  are  approximately  10  percent  lower  thar  indicated 
oy  thick-wall  theory  at  a  wall  thickness  equal  to  20  percent 
of  the  inner  radius.  Equations  and  curves  for  thick-walled 
cases  are  presented  for  certain  specific  configurations  in 
Sub-Topic  14.7.3.  Th's  treatment  of  membrane  stress 
analysis  has  been  largely  excerpted  from  Reference  162-7. 

14.7.2.1  MEMBRANE  STRESSES.  For  shells  of  evolu¬ 
tion,  a  free- body  diagram  (Figure  14.7.2.1u)  may  be  drawn 
of  any  section  to  facilitate  identifying  the  membrane 
stresses.  Many  fluid  components  may  be  treated  aa  sheila 
having  the  form  of  a  turf  ace  of  revolution.  A  surface  of 
revolution  is  obtained  by  rotating  a  plane  curve  about  an 
axis  lying  in  the  plane  of  thw  curve.  This  curve  is  called  the 
meridian,  and  its  plane  la  a  meridian  plane.  If  the  shell  of 
revolution  ia  a  vertically-oriented  body  with  the  axis  of 
rotation  vertical,  then  the  meridian  planes  are  vertical 
planes  containing  both  the  axis  of  rotation  and  the 
meridian.  The  membrane  stresses  are  a  function  of  the 
pressure  load  and  the  radii  of  curvature.  Since  the  sum  of 
the  forces  must  balance  for  equilibrium,  one  arrives  at  the 
general  form: 


Figure  14.7.2.1s.  Membrane  Frss-Body  Diagram 


Tha  relationship  between  membrane  stresses  and  actual 
stresses  is  given  by: 

\  Ng 

»h  =  ~  1  fg  =  —  (Eq  14.7.2.1W 

where 

t  “  membrane  thickness,  in. 
fh  ”  hoop  stress;  psi 


where 


(Eq  14.7.2.1s) 


p  “  applied  pressure  load,  pai 
Nh  -  membrane  hoop  stress  resultant,  lbf/in* 


Ng  -  membrane  longitudinal  stress  resultant,  lb, /in* 


r.  -  radius  of  curvature  in  the  vertical  (me.idian) 

planes 


r2  “  radius  of  curvature  in  normal  planes,  i.e.,  planes 
perpendicular  to  both  the  meridian  plane  and  the 
shell 


•Note:  membrane  stress  resultants  are  expressed  in  lbf  per  lineal  Inch 
and  are  aometimes  called  membrane  forces. 


fg  -  longitudinal  stress,  pai 

With  any  shell  of  revolution,  tha  intersection  of  the  surface 
with  plane*  perpendicular  to  the  r  (is  of  rotation  ore  parallel 
circlet  and  are  called  parallels.  The  radius  of  any  parallel  is 
denoted  as  r  and  is  defined  by 

r  -  r,  sin0  (Eq  14.7.2. ic) 


<t>  -  the  angle  in  the  meridian  plane  between  the  axis  of 
rotation  and  the  i  ormal  plane  (Figure  14.7.2.1a). 

In  membrane  stress  analysis  the  axes  X,  ”,  and  Z  for  any 
given  point  on  a  shell  at  revolution  are  defined  such  that 
the  X  and  Y  axes  lie  in  tne  plane  tangent  to  the  shell  and 
the  Z  axis  is  normal  to  the  shell.  It  may  be  seen  from 
Figure  14.7.2.1a  that  the  Z  axis  is  the  intersection  of  the 
meridian  plane  and  the  normal  plane.  Hoop  sti*sa  resultants 
correspond  to  the  X  direction  and  longitudinal  strew 
resultants  correspond  to  the  Y  direction.  The  X,  Y,  and  Z 
axes  associated  with  a  point  on  the  shell  are  not  to  be 
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confused  with  the  X,  Y,  and  Z  axes  aaao  'la ted  with  a 
complete  shell  of  revolution  wherein  the  Z  axis  is  the  axis 
of  rotation  and  the  X  and  Y  axea  lie  in  planet  perpendicular 
to  th<  axis  of  rotation. 

A  ;tn  mbrane  under  internal  pressure,  p,  as  represented  by 
the  tree-body  diagram  shown  in  Figure  14  7.2.1a  may  be 
analysed  for  iF,  »  0  for  equillbrii  m  which  gives: 

»inJ  0  =  irp(r2  sin^)2(Eq  14.7.2. id) 


or 


(Eq  14.7.2.1s) 


And  Equation  (14.7.2.1e)  along  with  Equation  (14.7.2.1a) 
may  be  solved  for  Nh  a>.  follows: 


(Eq  14.7.2.11) 


Kate  that  if  2r|  s  r-j  in  Eouation  114.7. 2. If),  the  hoop 
stresses  will  Ire  compressive.  Notice  also  that  for  a  cylinder 
n^^and  Nj,  -  prj,  fh  *  Nh/t,  yielding  the  familiar  form 
for  cylindrical  hoop  stress: 

2 

i=^r-  (*4 14.7.2.1*) 

'h 

Equations  for  determining  ri  and  rj  for  various  shells  of 
revolution  are  shown  in  Table  14.7.2.1.  For  shells  of 
revolution  with  negative  curvature,  rt  is  replaced  by  -»  i  and 
the  same  analyaia  follows  (see  Figure  14.7.2.1b). 

14.7.2.2  DISPLACEMENTS.  Many  occasions  arise  where 
the  hoop  displacements  of  a  membrane  are  required.  For 
the  usual  biaxial  stress  state  encountered  in  pressure  vessels, 
Hooke’s  law  is: 


’  h  =  £  (fh  -  Pfe>  14.7.2.2a) 

And  the  hoop  strain  eh  is  defined  by: 

4  A  .n  r  \  r- 

n*.  zn  ( r  -*■  o )  —  xwi  o 

* h  ”  T  ^  liirr 

'•  6  =  *‘hr 

In  terms  of  Nh  and  Ng 

Stress  and  displacement  equations  for  some  surfaces  of 
revolution  are  shown  in  Table  14.7.2.2. 

14.7.2.3  DISCONTINUITY  STRESSES.  Because  of  the 
differing  stiffnesses  between  a  membrane  and  a  nead  or 
between  a  membrane  and  a  part,  discontinuity  stresses 
develop  and  must  be  considered  in  design.  Figures  14.7.2.3a 
and  14.7.2.3b  illustrate  some  typical  discontinuity 
problems.  From  continuity,  (he  radial  displacement  of  the 


|  (Eq  14.7.2.2b) 
(Eq  14.7.2.&) 


Table  14.7.2.1.  and  rg  (or  Sheds  of  Revolution 
(Reference  iB2-7) 


Figure  14.7.2  1b.  Shed  of  Revolution  With  r,  NegUve  in 
the  Shadag  Aiee 

(Reference  752-71 
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Tab**  14.7.2.7.  <h»  M  6  ’of  Common  8MI1  of  Rovoliit  on 
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STRCSS  ONLY 
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flUKl  — AT  :  iUAIO* 
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Sr 

Cylinder  ith  tkiit 


•  Cylinder  J 
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f  t; . . 1 


Unpreiiurlred  iUrl 


Figure  14.7.2.3b.  Dtoontlmilty  Strew*  for  •  Cylinder  with  t 
Skirt  w<  e  Hemhpherleel  Heed 
IRtfvnnct  152-7) 


where  <(,  "  Mc/I.  However,  became  of  the  lateral  re* trie 
lion*  of  e  plate, 


12 n  -V) 

_  i 

V  2 

therefore. 


f  6M 

b  t2(l  ~/i2) 


rigute  14.7.2.3a.  Dtawntfnulty  ttrime  for  a  Steel  (m  -  1/3) 
CyiMrlcal  Preaaure  VaM  with  a  Hem  I- 

—  » - »-  -«  U - 4 

RHWnBil  (ISH 

//fe.bnmce  152-/) 


cylinder  must  match  that  of  the  head.  Theee  c”acontinuitie« 
produce  bending  ai.d  coirpreeelve  *  trace*  in  the  membrane 
which  mutt  be  added  to  the  me  nbrane  at-eeee*  at  com¬ 
puted  by  Equation  (14.7.2.1a).  Theee  itreaeee  are  included 
in  the  hoop  (tree*  by  the  addition  oi  the  compreeaive  (or 
tenaile)  etreee,  ic,  acting  on  the  radiua,  and  the  bending 
■treat,  fb,  acting  around  the  circumference.  Therefore,  the 
total  circumferential  (hoop)  etreeaea  become: 

fh"fh±fc±fb  IEh14.7.2.3rt 


The  longitudinal  (tree*  contain*  the  membrane  strew  plus 
the  dlacontinuity  rtreee  found  by  using  the  elaetic  founda¬ 
tion  be.vm  formulae. 

A  beam  or.  an  elastic  foundation  lay  be  thought  of  a>  a 
beam  held  in  equilibrium  under  '.cad  by  ap  infinite 
number  of  -ij-rlngn,  each  with  the  ipring  constant  k. 
Figure  14.7.2.3c  ahewa  thia  analogy  roughly. 

The  aolution  to  the  differential  equation  for  varioua  loading 
condition*  usually  encountered  in  preeaure  vewel  deoign  ib 
m  follows. 


Figure  '4.7.2.3c.  Seem  on  an  Elartic  f  oandatlon 
(R  tftrttcf  152-7) 


Case  1.  Infinitely  long  beam,  tingle  concentrated  load 
deflection: 


(Eq  14.7.2.3b) 
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whirr 


y  ■  infliction  in. 
P  -  loud,  lbf 


4/3(1-^ 


vTf 


.  Et 
**? 


A_  •*  coei'flc'eni  from  Tahle  14.7.2.3 


and  the  Jk  p«  to 


the  moment  to 


the  chew  it 


P0 

0  =  “  4* 

k  * 


v  *  3'V 

end  et  *  »  0  the  maximum  vaiuee  become 


(Eq  14.7  2.3  .<) 


(Cq  14.7.i3dl 


(tq  14.7.13*) 


(Cq  14.7.2.3(1 


y  - !!' 

•  2k 


=M» 


2 

40 


(lq  14.7.2.3ft 


mu 


P 

1 


Theee.'  rtsulU  ere  lummarized  in  Figure  14.7.2.3d  end  th* 
coefficients  for  x  *re  lilted  in  Tebio  14.7.2.3. 

Cat#  2.  Infinitely  long  beam,  i  niformly  dtotributed  load 
(Figure  14.7. 2.3e),  where  the  deflection  u 

I 


y°~ik^2  I><’* 


tha  dope  to 


the  moment  to 

m  =  4?('W 

40 

and  the  shear  to 


(Cq  1 4.7.2. 3hl 


Tebt*  14.7.13.  Punettone  A*,  B„,  C*  end  D* 

I  Rrf*r*nct  152-7) 
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Now  with  the  above  equation*  and  superposition,  discon¬ 
tinuity  problem*  may  be  considered.  Alao,  the  a  Kami  nation 
of  thee*  aquation*  lead*  to  the  following  reeulta  for  local 
loaf  on  a  cylindrical  ah  ell. 

a)  The  load  ia  dtatribu'ed  u  hoop  vtreaeea  from  deflection 
and  by  longitudinal  bending. 

b)  11.e  load  may  b*  considered  negligible  beyond  the 
dlctrnce  k  •  8.45  >71 

Aa  a.,  exempt*  of  the  application  of  the  (.various  develop¬ 
ment,  co i Aider  the  problem  of  a  cylindrical  vaaael  with  a 
hemispherical  head  shown  In  Figure  14.7.2.3h. 

From  Table  14.7.2.2,  atreeaea  and  deflections  are  aa 
follows: 

for  a  cylinder 


<Cq  14.7.2.311 


(Eq  14.7.2.3ml 


The  difference  in  displacement  Is  6  *  6C  —  5,  »  prJ/2Et.  If 
the  thicknees  of  the  cylinder  and  hemisphere  are  equal 
(tt  -  t,)  then  the  deflections  caused  by  the  shear  load  V0 
are  equal  and  therefore  continuity  is  satisfied  if  the  edge 
moment  M,,  *  0  and  V„  ■  6/2.  Substituting  these  \  due*  for 
M,,  and  v  into  Equation  (14, 7.2. 3g),  the  toUowint:  reeulta: 


■he 


Lr 

i 


r, 

*4  21 


6  ^-<2-/0 
1  21 K  ' 


for  a  hemisphere 


f 

I  [- 

««.  T, 


5  2XoP 

-  = - —  I),  (Eq  14.7.2.3*1 

2  k  >' 


Flyura  14.7.2.3h.  Otsoentfnutty  at  Cytindar  to  Hemtaphariaai 
Nwd  Junetien  with  Internal  Fra—ir*  p 
iNtfcnnc*  162-7! 


From  Table  14.7.2.3,  Dn>  -  1  at  x  ■  0,  and  using  thj  value 
of  k  from  Equ-itiori  (14. 7.2.3c),  a  solution  for  V„  la: 


V 


O 


w 


(Eq  14.7.2.3*1 


Consequently  the  total  hoop  and  loiwitudini*  stress  for  the 
cylinder  at  any  x  becomes: 


C,iLr_Lr|,  ±J<a!B 

h  I  44  ’ 


4lV  * 


r  =Lr±  Je_  b 

*  a  »V  ^ 


(Eq  14.7.2.3* 


If  the  ratio  of  the  stresses  .rlth  diacontinulty  versus  the 
stresses  without  discontinuity  is  considered  aa  a  atraaa 
concentration  factor,  equations  may  be  developed  and 
plotted  for  differing  geometries.  On*  such  plot  ia  for  th* 
Junction  between  a  cylinder  and  an  elliptical  head  and  ia 
summarised  in  Figures  14.7.2.31  and  14.7.2.3j. 


14.7.2.4  INFLUENCE  COEFFICIENTS  FOR  LONG 
CYLINDERS.  Solutions  to  various  beaic  problems  of  the 
type  just  considered  have  bean  tabulated  as  influence 
inefficient?  and  are  shown  in  Tabla  1  ".7.2.4. 


14.7.2.5  INFLUENCE  COEFFICIENTS  FCR  SHORT 
CYLINDERS.  If  the  cylinder  ia  abort,  a  load  at  on*  end 
will  produce  an  influence  at  the  other  end  which  cannot  be 
ignored.  This  etTectivJy  entails  adding  a  correction  factor 
to  the  solution  of  the  differential  equation  for  the  infinitely 
loug  cylinder.  Ac  it  turns  out,  if  tha  length  ofacyllndar,  t, 
ia  less  than  2n/fi,  this  effort  must  ba  considered.  Fig¬ 
ure  14.7.2.5  aumir  .rises  these  corrections. 

14.7.2.6  PRESSURE  VESSEL  HEADS  OR  END  CLO¬ 
SURES.  So  far  the  various  head  shapes  have  been  ignored; 
howover,  this  paragraph  will  outline  acme  properties  of 
in**t**t  of  the  more  common  head  shapes.  Important:  aee 
also  Detailed  Topic  14.7.2.10,  Membrane  Buckling. 

Elllpt'cal  Head*.  Figure  14.72.fta  describes  an  elliptical 
head  in  terms  of  th*  dreaaas  and  deflections.  One  aland- 
vantage  of  an  elliptical  head  is  that  once  t‘:e  depth,  b,  ia 
aaiectvd  uiv  edge  displacement,  6,  ia  fixed  and  if 
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HAPiUi  o 


Flaw*  14  7.2.34.  Stress  Conoantrstian  Fwtan  In  CyttntfM 

ItWHMIJVia  W  Cn^VnHR 

fAefrronoe  IS2-7) 


b/a  <  0.707  tbc  tdfc  will  move  inward  under  pressure 
<-u«lit|  an  innrtsr'  in  the  discontinuity  itrewn  Fig¬ 
ures  I4.7.t.4b  and  14.7.S.Or  ehow  the  distribution  of 
farce*  for  a  typical  elliptical  head,  while  Figure*  i  4.7.2.6d 
and  14  7.L6e  ahow  deformation*  experienced  by  elliptic 
ah*U*  under  Internal  pressure  load*. 

rYr**-*-"  Heads.  As  advantage  of  the  Caaeinian  herd  it  that 
the  dome  and  edge  displacement*  may  be  chosen  a* 
required,  which  give*  the  designer  a  greater  flexibility  than 
with  conventional  shapaa.  Figure  14.7  2.6f  describe*  aorne 
properties  of  Caminian  head*.  The  hemisphere  and  ehipae 
am  special  cauec  of  Oaatonlan  curves. 

Eiaaano  Haada— Conatart  Shear  Strength.  This  type  of  head 
is  de^gwaH  to  produce  the  same  shearing  stress  at  each 
nt  But  this  to  not  a  good  situation  if  the  bead  material 
low  duetlity  and,  u  with  the  elliptical  head,  the  edge 
will  move  inward  under  pressure.  Figure  14.7.2.6*  sum¬ 
marises  the  vrriouc  head  shape*  discussed. 

Flat  Heads.  A  listing  of  strasM*  in  flat  plates  under  pressure 
!i  given  in  BtobBectian  14.10.  Curvu  of  stress  ooncentra- 
tkm  factors  for  various  Oat  head  configurations  are  shewn 
in Flguraa  14.7.1«h,  LI. and k. 

<>■****  Haada.  Table  14.7  indude*  stresses  and  strains  in 
cooes  under  internal  or  external  pressure. 


F tours  14.7.2.3|.  Stress  Distribution  Near  Elliptical  Meed  to 
Cylinder  Joint 

(Riffttcii  W3-7) 


TaWs  14.7.2.4.  Inftuanos  Coefficients  tor  Lons  Cylinders 
fffeflsronce  152-  V 
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Figure  14.7.2.6b.  Mambrana  Forces  for  t  Typical  Elliptical  Head 
(fa/a  -  0.6) 

(Rtftrtncm  152-7) 
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Figure  14.7.2.5.  Infiuanra  Coaff iciants  for  Short  Cylindrical 


Shall* 

iriaftrence  152-7) 

r~fi  'fh  = 

5(»-r) 

pa 

2t 

r  v. 

iM- 

2  8  ,-°" 
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2  t  °-5'  ' 
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TENSION  FOUCE  AT  APEX 


“  “V*; 

/  COMPPESSION  FOSCP  AT  EQUATO* 


DCPTh/ltADlUj 


Figure  14.7.2.6c.  Membrane  Foroaa  in  Elliptical  Head*  Varaua  b/a 
(RtHmnc*  152-7) 


14.7.2.7  OPENINGS  IN  SHELLS.  Consider  firet  the  cue 
of  a  membiane  with  an  unreinforced  opening  as  shown  in 
Figure  14.7.2.7a.  ay  equilibrium,  Ng  is  found  to  be: 


Figure  14.7.2.6a.  Eilrptical  Hoad 
(R  rfvrtnc*  152-7) 


2irrN  s  sin  <f>  =  irr2p  —  irr2p 
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NORMAL  DEFLECTION  OF  SHELL  SURFACE 
ROTATION  OF  MERIDIAN  ON  SHELL  SURFACE 


Figure  14.7.2.64.  Membrane  Deformation  of  Elliptical  Shall* 
tubieetad  to  Internal  Pnww 

(Rtprinttd  t with  panniftion  from  Aarojat-Gw-aral  Solid  Rockat 
IMiign  Manual ) 


N(=T  [l  -  fcsM  ] 


(tq  14.7.2.7a) 


K  =  Ei  I2-I2  [l -(—? 

h  2  (  r,  L1  \r2  si 


O 

sin 
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>  =  S  i  DISPLACEMENT  OF  SHELL  IN  x  DIRECTION 

y  x  \  Et  / 

2\ 

DISPLACEMENT  OF  SHELL  IN  y  DIRECTION 


S  =  6 
y  y 


(*-)• 


Figure  14.7.2.6a.  Membrane  Deformation  of  Elliptical  Shall* 
Subjected  to  Intel  .at  Ptewure 

(Raprintad  with  permission  from  Aarojat-Ganara I  Soiio  Rockat 
Design  Manual I 


When  r  -  r0  -  rj  (in 0  (at  the  edge  of  the  hole)  Equa¬ 
tion*  (14.7.2.7a)  end  (14.7.2.7b)  reduce  to  the  following: 


end  then,  with  Equetion  (14.7.2.1a),  the  relationship  for 
Nh  become*: 


*v° 

Nh  =  pr, 


(Eq  14.7.2.7c) 


/(Eq  14.7.2.7b) 


Thus  the  hoop  ttreca  is  twice  that  of  the  longitudinel  street 
If  no  hole  it  present. 
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Figure  14.7.2.4.  Dieeontlnuity  Streas  at  Edge  of  Flat  Head 
(Adapted  wit\  pi-minion  frot  i  Reference  618-1.  "Htndi-ook  or 
Formulae  for  Strees  and  Strain'/  W.  Griffei,  Frederick  Unger 
bub.  Co..  1866) 


By  tho  pravioiu  analysis,  th«  effect  of  a  hole  in  a  membrane 
is  shown  to  be  a  atreaa  concentration.  Figure  14.7.2.7b 
zhowa  how  s  hole  affects  the  strea*  in  a  membrane. 


To  compensate  for  this  increase  of  stress  near  a  hole, 
reinforcement  must  be  added  around  the  hole.  As  a  general 
rule  of  thumb  the  reinforcement  is  placed  within  the  limits 
of  nor.-negllgible  stress  concentration.  This  is  tho  are 
graphically  in  Figure  14.7.2.7c.  For  an  ideal  amount  of 
reinforcement  the  displacement  of  the  reinforcing  ring  must 
be  matched  to  that  of  the  membrane.  These  displacement 
farces  are  shown  in  Figure  14.7.2.7d. 


The  displacements  are  as  follows: 

Fr 


6,1m«  "  A„E 


R  R 


iphtro 


Vo 


(l-M) 


(Eq  14.7.2.7(1) 


f  MAX 
0 


d/t 


Figure  14.7.2.«k.  Discontinuity  Stress  at  Edge  of  Flat  Head 
(Adapted  with  parminion  from  Reference  598-1,  “Handbook  of 
Formula*  for  Siren  and  Strain'/  W.  Gritfai,  Fred* rick  Unger 
Pub.  Co.,  1966) 


Figure  14.7.2.7a.  Unreinforced  Opening  in  a  Mam  bran*  with 
Internal  Preaatre  p 

(Reference  152-7 ) 
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Figure  14.7.2.7b.  Variation  in  Strew  in  tha  Ration  of  a 
Circular  Hota  in  (ai  Cylinder, 

(b)  Sphere  SuhMrtsd  to  infernal 

I4mot 

(Adaptad  with  parmittion  from  Rafarm ca  42*- 1.  “Praatura 
Vaaaai  Oaaign:  Nuciaar  and  Chamkai  AppHcationa? 

J.  F.  Hanrvy,  Vm  Noatrand,  19831 


or 

Es/rotcos^ 

If,  as  la  usually  tha  casw,  K  R  -  Eg ,  than 

rot  cos  ^ 

A  =  — -  lEq  l4.7  2.7f) 

H  l  -  M 

Many  timaa,  howavar,  tha  araa  given  by  Equa¬ 
tion  (l4.7.2.7g)  la  too  small  to  ba  practical,  l.a.,  not  e>  ough 
ana  Is  provided  for  studs,  ate.  In  creea  such  as  this,  rigid 
reinforcing  rings  sra  usad.  Ptguraa  14.7.2.7a  and  14.7.2.71 
show  the  affect  ot  ralnforeama.it  location  on  discontinuity 
straas  in  tha  marabrana.  Whan  rigid  rings  ara  usad  as  hola 
rainforcing,  tha  diapiacamants  must  ba  equal  to  preserve 
continuity.  Pigura  14.7. 2.7g  graphically  describee  a  typical 
caaa  whara,  for  continuity,  thi  points  0  "  and  0’  an  brought 
togathar  by  applying  moments  and  forcaa  to  the  ring  and 
shall.  Tha  addition  of  tha  moments  and  forcaa  to  preserve 


continuity  must,  to  ptasarva  equilibrium,  be  such  thav  their 
magnitudes  are  equal  and  their  directions  opposite.  Pig¬ 
ura  14.7.2.7b  shows  these  forces  in  a  ring  to  m*mb.ane 
junction. 


(NEST)  (NETTIE*)  (GOOD) 


Figure  14.7.2.7a.  Reinforcement  boundaries  for  Circular  Openings 
in  Cylindrical  and  Spherical  Vaaads 
lAdaptad  with  perm itsion  from  Rafaranca  639-11 


Fleurs  T4.7.2.7e.  Diagrammatic  Location  of  Noetic  Opening 
Reinforcement,  (a)  Iblanud,  (b>  Unbe1- 
anaad  Inside,  (cl  Unbalanced  Outside 
lAdaptad  with  parmittion  from  Rafaranca  638-11 


WScus^  Vo,,  , 

AhE,  'Est(  M> 


(Eq  14.7.2.7a) 


Figure  14.7.2.71.  Compariaan  af  gymmatrleel  Vane 
UAvmmtrkd  Reinforcing  Rings 
{Rafaranca  183-/1 
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Figure  14.7.2.7*.  Spherical  Shall  with  •  Aeinfo/aed  Opening 

fdtfr.rwnc*  152-71 


Figure  14.7.2  7h.  OUoantinulty  Momenta  and  Forms 
(fttfortnce  152-tl 


To  facilitate  tha  analysis  of  a  ring-mambrana  system  of  the 
typa  pnvfoualy  described,  influence  coefficients  (dkplaca- 
mants  and  rotations  dua  to  unit  valuas  of  M  and  V)  are 
defined  as  follows: 


Mcmbrana: 

®MV  UM V 

“Mi¬ 

ning: 


rotation  and 
momant 

rotation  and 
foroa 

rotation  and 

pressure 


displacement 
displace  mant 
displacement 


dua  to  a  unit 
due  to  a  unit 
due  to  a  unit 


urm  =  rotatlon  a*1*1  displacement  dua  to  a  unit 
moment 

9rv>  Urv  =  rotation  and  displacement  due  to  a  unit 
force 

dRpt  uRP  =  rotation  and  displacement  due  to  a  unit 

pressure 

where  tha  sigiW’of  9,  u,  M,  and  V  are  established  as  follows: 

a)  M  and  V  are  positive  if  they  act  in  the  direction  shown 
in  Figure  14.7.2,7h 

b)  0  is  posit  ire  counterclockwise 

c;  u  is  positire  if  tha  membrane  displacement  Is  increased 
d)  Tha  membrane  displacement  is  positire  outward. 


Since  these  influence  coefficients  are  unit  values  they  must 
be  multiplied  by  tha  loads  to  give  tha  true  rotation  or 
displacement.  The  total  values  of  rotation  and  displacamant 
become: 


Membrane: 

total  displacement: 

UM  _  UMPP~  UMM^  —  UMV^  Hq  14.7. 2. 7hl 


total  rotation: 

+  ®MVV  -  V  ,b« 

Ring: 

tots!  displacement: 

UR  ~  URV^  +  URP^  ~  URMM  l8**  14  7*a  W 
total  rotation: 

JR  =  ®RPP  +  0RVV  ~  dRMM  ,K,‘ 
Compatibility  then  requires  that: 

aR  =  UM 


and 


(Cq  14.7.2.71) 


®R  ~ 


By  aubstitutlng  Equations  (14.7.2.7H)  through  (14.7.2.7k) 
into  Equation  (14.7.2.71)  gives  the  following  equations  for 
M  and  V. 


(Eq  14.7  2.7m) 

M  P  "  urr^ff av  ~  *  ^ur  +  9ar^usv  *  umv  )] 

+  ®RmXuRv  +  umv)  “  (UMM  “  “  ®av) 

(Eq  14.7.2.7n) 

V  =  ^  [^uur~  uarH0MM  ^au)  ~  ~  uan)J 

+  ®au^uRV  +  umv)  ~  (umm  “  "sm^viv  ~  ®av) 


Hemispherical  Heads.  Reference  162- 7  lists  the  following 
displacements  and  rotations  for  hemispherical  heads. 

Displacements: 


_  C 

UMV  “  hPo 

X 

C 

umm  '  Rt0~ 

a?  (f  -  m)  sin  0o 
ump~  2Kt 


(Eq  14.7.2.70) 


t 
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Rotation* 


®MV 

®MM 


V  =  0 


(kq  14.7. a.7») 


whur*  Wv,  Xc  ani  Xj  ar«  functions  sf  Figure  14. Y. 2.71 

•nows  these  relations. 


U  •  NOfiXONTAl  OtPUCTlON 
or  A  JOINT  ON  TNI  THILL 

•  -  ANOK  Or  HOTATION  Of 
*  TANOINf  TO  MMOIAN 

Jt. 


fO.TO.  JO  SSON  J  BAYlO 


L  ~  1  R2  -p==  (Kq  14.7.2.7r) 

°  V«7 


With  these  results,  Equation  (14.7.3.7c)  becomes,  for  tha 
longitudinal  atraaa  (if  tha  -einforcins;  ring  haa  an  area  great#' 
than  ideal,  Uta  longitudinal  wtraaaaa  at  point  o  are  larger 
than  tha  hoop  stresses): 


S. 


h  ,  ,.±.  ±  <tM 

I  t  cot<  6  .* 

a  t 


(lq  14.7.2.7a) 


where  tha  plua  rign  before  the  last  term  ia  for  the  outer 
aurface  of  the  membrane  and  the  negative  sign  for  the  inner 
surface.  Table  14.7.2.7  summarise*  the  influence  coeffi¬ 
cient*  for  various  reinforcement  typea. 

In  placing  the  reinforcement,  there  ia  the  choice  of  placing 
the  ring  either  completely  inside,  completely  outside,  t.r 
symmetr'cei  with  respect  to  the  membrane.  Ft  gum* 
14.7.2.7)  through  14.7.2.7p  show  th*  effect  of  this  ring 
geometry  on  stresses. 

The  treatment  of  openings  at  points  other  than  the  apex  of 
a  head  la  extremely  complicated,  and  when  a  problem  of 
this  type  arinee  it  is  wise  to  consult  directly  with  a  stress 
analyst.  Figure  14.7.2.7q  shoWs  the  atreea  distribution 
around  a  ty  pical  off-apex  reinforced  opening. 


14.7.2.8  CONCENTRATED  LOADS  ON  MEMBRANES. 
Many  times  a  membrane  will  be  subjects'*  to  loads  which 
are  concentrated  in  a  small  area.  Here  the  membrane  forces 
are  extremely  high  and,  if  bending  atisraes  were  neglected, 
would  approach  infinity.  Usually  it  is  safe  to  assume  that 
the  effects  of  a  concentrated  load  are  negligible  In  a  region 
defined  by  the  radius  r,  where  r  *  1.9  Rt  (Reference  152-7). 
Figure  14.7.2.8  shows  the  stress  concentration  encounterec 
when  a  membrane  is  reinforced  with  a  rigid  insert,  will)* 
Table  14.7  contains  some  common  types  of  concentrated 
loads  and  their  associated  stresses  and  deflections.  These 
stresses  and  deflections  must  be  added  to  those  due  to 
other  types  of  loading. 


Figure  14.7.2.71.  Influence  Coefficients  for  a  Smell  Opening 
(0°  <  <  100) 
iffrirnneu  <52-7/ 


For  head*  other  than  hemispherical,  Equation!  (14.7. 2.7o) 
and  (14.7. 2.7p)  become: 


II 


MP 


PR,  sin  <po 
2Et 


JR,  <2  —  101 
0MH  ^  0 


Kq  1 4.7.2. 7q) 


and  the  relationship  for  (0  becomes: 


14.7.2.9  SPHERICAL  MEMBRANES.  For  the  spherical 
membrane  shown  in  Figure  14.7.2.9,  the  following  equa¬ 
tions  give  the  deflection,  y,  and  edge  moment,  Mq. 


_A  PR*  3(1  —  M*) 


'Kq  14.7.2.9a) 


4irEt 

(Kq  14.7.2.9b) 
where  A  and  B  are  coefficients  that  depend  upon 


p 

m  =B-p 
°  4ir 


end  are  tabulated  in  Table  14.7.2.9.  Other  equations  for 
stress  and  deflection  hi  spherical  shells  ere  Included  in 
Table  14.7. 
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14.7.3  Prsggurt  StriitM  ir  Hnvy-WdM 
Ccmponwits 

Hia  analysis  of  pleasure  atraaaaa  In  heavy-wallad  eompo- 
nanta  (those  hairing  wall  UilekhaiM  jreater  than  1C  percent 
of  tha  innar  radius)  bacomaa  axtremaly  complicated,  ainoa 
both  banding  and  ahear  a  treat**  bacoma  alghflent  In  moat 
<uwa.  Rather  than  aupplying  deviation*  for  thaaa,  a  mria*  of 
labtaa  and  cupraa  have  bean  collected,  presenting  stress/ 
deflection  data  or  aquationa  to  datannlna  them  for  moat 
caaaa  of  interest.  Thane  have  been  acparated  Into  three  back 
ahapac  of  Interaat:  cylinders,  tpharua,  and  flat  plataa. 

14.7.3.1  CYLINDERS.  The  stresses  and  deflections  dun  to 
internal  praaaura  in  heavy-waiied  cylinder*  are  preaahtcd  in 
Table  14.7  while  Figure  14.7.3.1a  praaenta  a comparison  of 
atreaaaa  calculated  on  a  thick  and  thin-wall  cylinder  baaie.  A 
chart  relating  ahaar  atraaa  to  praaaura  and  dlamater  la 
presented  in  Flcure  14. 7. 3. lb  whlia  Figure*  14.7.3.1c,  d, 
and  a  allow  the  ralatlonahip  of  hoop  a  treat,  strain,  and  yield 
preaaure  of  a  cylinder  to  ita  dlamater  ratio. 

Principal  atreaaaa  and  inavimum  ahear  atreaaaa  for  a  rang*  of 
cylinder  diameter  ratio*  at  both  innar  and  outer  diameter* 
are  presented  in  Figure*  14. 7.3. If,  g,  h  and  I.  For  cy.lndara 
with  an  aecentrtc  bote  a*  shown  In  Figure  14.7.3. Ij,  th* 
maximum  stress  ia  the  hoop  atraaa  at  A  with  the  restriction 
that  a  <  rj/2  and  is  found  from  Reference  51*8- 1 : 

(te  14.7.3.11 


Tubes  of  elliptic  and  oval  cross  tactions  are  occasionally 
uasd  in  fluid  component  fabrication  and,  Uiarafors,  cures* 
relating  their  pressure  atreaaaa  to  tub*  gsomatry  axe 
presented  in  Figures  14.7.3.1k  and  14.7.3.11,  lespactivaly. 

14.7.3,2  SPHERES.  Stress  and  deflection  aquations  for 
heavy-wailed  spheres  for  internal  and  external  pressure 
loading  are  shown  in  Tablo  14.7. 
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Design"  J  H.  Feu  pet,  Wiley,  1964) 
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Plpira  14.7.3.1s.  Principal  Stream  and  Maximum  Shear  Strom 
ut  fha  Intamal  Surface-Internal  Praaaura 
Only,  Open-End  or  Clottd  End  Cvllndart 
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(Adapt  d  v  h  permission  ft  it  Reference  376-8,  "Stress 
Analysis  of  Pressurized  C  inders'/  R.  E.  L  itde  aid 
C  Repci,  Oklahoma  State  University,  1965)  .. 


Figure  14.7.3.11.  Principal  Stresses  and  Maw limm  Shear  Strata 
at  the  External  Surface-Internal  P-mor* 
Only,  Open-F.nd  or  Clo«ad-End  vylMan. 

2  <»  S  10 

(Adapted  with  permission  from  Reference  376-8,  "Stress 
Analysis  of  Pressurized  Cylinders'/  R.  C  little  ard 
C  Sage i,  Oklahoma  State  University,  1965) 
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(Adapted  with  permission  from  Reference  3/6-8.  'Stem 
Analysis  of  Pressurised  Cylinder*','  R.  E.  Little  and 
C  Bsgci.  Oklahoma  Stefs  Uni  varsity.  1966) 


Flfure  4.7.3. 1j.  Haaay-Wcttxl  Cylindar  wHh  Eeeantria  Bora 
Under  Premure 

(AOtOted  with  permission  from  Refer* ire  596- 1,  "Engineering 
Design"  J.  H.  Feupei  Wiley.  1964) 
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Figure  14.7.3  tl.  Principal  Stream*  and  Maximum  Shear  Street 
at  Both  tha  Internal  and  External  Surf  teat 
Internal  9'raaaur*  Only,  Open-End  or  Cloaad 
End  Cylinder*.  1SRe/Rj<1.1 
( Adapted  with  permission  from  Reference  376-8.  "Stress 
Analysis  of  Pressurised  Cylinders','  R.  E.  Little  end 
C  Begci.  Okruhome  State  University.  1965) 
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Figure  14.7.3.1k.  Maximum  Strata**  in  I nt* malty  Praaaurtead 
Elliptical  Tube* 

(Adapted  with  permission  from  Reference  590-1  "Engineering 
Design','  J.  H.  Feupei,  Wiley,  1964) 
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14.7.4  Buckling  of  Thin-Wallsd  Components 

14.7.4.1  CRITICAL  EXTERNAL  PRESSURES.  TabU 
14.7.4  1  presents  aquations  for  calculating  the  critical 
external  /.reuure  (Pcr)  which  may  be  expected  to  induce 
buckling  in  shells  of  various  configurations  (Refer 
ence  183-12). 

14.7.4.2  BUCKLING  OF  CYLINDERS.  Reference  147-20 
include*  a  large  selection  of  buckling  data  for  pressurized 
and  unpreaaurised  cylinders  which  are  presented  below. 

As’td  Compression,  Unstiffened  Cylinder; 

Vnpreuurued.  The  design-allowable  buckling  street;  for  a 
circular  cylinder  subjected  to  ax’ si  compression  is  given  by 

Fer  Kt 

—  =  «I  (fa  14.7.4.2a) 

1?  c  R 


whert 

Fcr  *  allowable  buckling  sties*,  psi 


17  -  plasticity  correction  term  “  1  for  elastic  buckling 
(for  ineirwtic  buckling  see  Reference  147-20) 

C,  -  buckling  stress  coefficient,  dimensionless 


E  ■  modulus  of  elasticity,  psi 


t  *  wall  thickness,  in. 


r  «  mean  radius  of  cylinder,  in. 


Hie  range  of  applicability  of  Equation  (14.7.4.2a)  is 
dependent  upon  the  curvature  parameter,  Z,  defined  as 


z  = 


rt 


(Eq  14.7.4.2b) 


where 

L  “  length,  in. 

p  “  Poisson’s  ratio,  dimensionless 

Z  -  curvaturo  parameter,  dimensionless 

For  simply  supported  cylinders  with  the  curvature  param¬ 
eter  Z  >  26  and  for  clamped  edge  cylinders  with  Z  >  80 
(i.e.,  in  the  long-cylinder  domain),  the  design  curve  of 
Figure  14.7.4.2a  presents  the  buckling-streu  coefficient, 
Cc,  for  an  unpressurised  cylinder  in  axial  compression  as  a 
function  of  the  radius-to-thickness  ratio,  r/t.  Very  long 
cylinders  must  b*  checked  for  Euler-column  buckling 
(Detailed  Topic  14.2.1.2  and  Sub-Topic  14.3.7). 
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Avuuriiitf.  Tht  buckling  (inn  of  long  '  flinders  under 
internal  pressure  and  axial  compreesion  may  be  determined 
by  uring  Figure  14.7.4.2b  in  conjunction  with  Figure 
14.7.4.2a.  Figure  14.7.4.2b  preaenta  a  curve  that  show*  the 
calculation  of  tho  increaee  in  buckling  itreaa  aa  a  funcJon 
of  pressure  and  geometry  only. 

The  design  allowable  buckling  atma  ia 

cr _  . ..  .  t 

—  =  (Cc  +  ACc)  —  (Eq  14.7.4.2c) 


KImm  4J  9  A  9k  iMt-  W  *  --t-a  ^ - 1 - 

rl^Ufv  |R»  f  ■R>nv<  IWi  mH  Rl  WNKIR^wVMi 

Coefficient  of  Cylinder*  Due  to  Internal 


(Htftrtnct  147-20! 


where  Cc  ia  obtained  from  Figure  14.7.4.2a,  and  ACe  ia 
obtained  from  Figure  14.7.4.2b.  The  preasu riied  cyUr  der  is 
capable  of  restating  a  total  compreaoive  load,  Pcr,  which 
may  be  obtained  front  the  equation 

P„.  =  2irr  F  l  +  nr2  p  <iq  1 4.7.4. w) 

Cf  Cf  r 


It  should  be  noted  that  the  pressurised  design  curve  in 
Figure  14  7.4.2b  is  valid  only  for  long  cylinders.  Very  long 
cylinders  must  be  checked  for  buckling  as  Euler  columns. 

Shjar  of  Torsion,  Unstiffened  Cylinders 


Unpnmurutd.  The  design-allowable  shear  buckling  stress 
of  thin-walled  circulf  cylinders  subjected  to  torsion  is 
given  by 


F 

*cr 


(Eq  14.7.4.2a) 


where 


F(cr  *  allowable  shear  buckling  a  trass,  psi 


rj  m  plnsvicity  correction  term  11  1  for  elastic  buckling 

C  =  shear  bucK.ing-ctreas  coefficient,  dimensionless 
(from  Figure  14.7.4.2c  for  simply  supported  and 
fixed-edge  cylinders  with  a  curvature  parameter 
Z  >10U) 

Prttaurized.  The  shear  buckling  stress  of  long  thin-walled 
cylinder*  subjected  to  internal  pressure  and  torsion  may  be 
determined  by  using  Figure  14. 7. 4. 2d  in  conjunction  with 
Figure  14.7.4.2c.  Figure  14. 7.4. 2d  presents  curves  that 
allow  the  calculation  of  the  increase  in  buckling  stress  as  a 
function  of  pressure  and  geometry  only.  The  design- 
allowable  shear  buckling  stress  is  given  by 

^'*cr  .  */.  v  Et 

— -=(C+AC)—  (Eq  14.7.4.2ft 

'  rZ 


Figure  14.7.4.2c.  Buekling-Straas  Coefficient,  Cs,  for  Unstiffanad 
Uqwaeuriml  Circular  Cylinder*  Subjaatad  to 
Torsion 

(Fit  ft  re  nee  147-20! 
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where  C,  hi  -otained  from  Figure  14.7.4.2c  and  AC,  ia 
obtained  from  Figure  14. 7. 4. 2d. 

Two  curraa  an  presented  in  Figura  14.7.4. 2d  for  calculat¬ 
ing  th*>  incramant  in  critical  atraaa  caused  by  praaaurisation. 
One  curve,  labeled  "nc  external  axial  load,”  ahould  be  uaad 
for  calculating  the  critical  atraaa  of  a  cylinder  subjected  to 
torsion  and  internal  praaaura  only.  The  aecond  curve, 
labeled  “external  axial  load  balancea  lor  ordinal  pressure 
load,"  should  be  used  to  calculate  tht  ritical  s trees  of  a 
cylinder  subjected  to  torsion  and  internal  pressure  plus  an 
external  axial  compression  load  equal  to  the  internal 
pressure  load  >r  r2p,  acting  on  the  heads  of  the  cylinder.  It 
should  be  noted  that  the  pressurized  design  corves  of  Figure 
14.7.4. 2d  ate  valid  only  for  long  cylinders. 

Bending,  Unstiffanad  Cylinders 

UnprtmuHztd.  The  design-allowable  buckling  strew  for  a 
thin-walled  circular  cylinder  subjected  to  bending  ia  given 
by 


lEq  14.7  4.28) 


where 


Fcr  *  maximum  allowable  strew  due  to  the  bending 
moment  (e  g.,  the  outer  fiber  strew),  psi 

Cb  “  bucklint  strew  coefficient,  dimensionleu  (from 
Figure  I4.7.4.2e  for  simply  supported  cylinders 
having  a  curvature  parameter  Z  >  20  and  for 
clamped  edge  cylinders  with  Z  >  80) 

tj  »  plwticity  correction  term  “  1  for  elastic  buckline. 


Pr*m  ri*td.  The  buckling  straw  of  long  cylinders  subjected 
to  internal  praaaura  and  bending  may  be  determined  by 
uring  Figure  14.7.4. 2f  in  conjunction  with  Figura 
14.7.4.2e.  Figura  14.7.4.2f  presents  curves  that  allow  the 
calculation  of  tha  increase  in  critical  straw  as  a  function  of 
praaaura  and  geometry  only.  Hie  design -allowable  buckling 
straw  is 

F  pi 

—  =  (C„  +  ACb)  “  (Eq  14.7.4.21) 


It  the  stresses  are  elastic,  the  allowable  moment  is  Figure  14.7.4.2C.  Ineraaw  tot  imdteg  Bueklh^  ttrew  Coefflelewt 

of  Cylinders  Due  to  Internal  hxsiw 

M  r-  HT  F  t  (Eq  14.7.4.2M  Weterenee  147-20) 

Cf  Cl 
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where  Cb  k  obtained  from  Figure  14.7.4.2*  and  ACb  la 
obtained  from  Figure  14.7.4. 2f. 

Two  curve*  for  calculating  th*  Inurement  in  critical  strew 
caused  by  praaauriaation  an  pn**nt*d  In  Figure  14.7.4. 2f. 
Hi*  cun*  labeled  “no  external  axial  load"  ahould  be  uaed 
to  calculate  the  critical  strew  of  a  cylinder  subjected  to 
bending  and  Internal  preasum  only.  The  curve  labeled 
"external  axial  load  balances  longitudinal  prmuro  load" 
ahould  be  uaed  to  calculate  th*  critical  strew  of  a  cylinder 
subjected  to  bending  and  internal  pressure  plus  an  external 
axial  compression  load  equal  to  th*  internal  pressure  load, 
ffr2  p,  acting  on  the  heads  of  the  cylinder.  If  the  cu.-vs  for 
no  axial  load  is  uaed  and  the  stresses  are  elastic,  th* 
design-allowable  moment  Is 

Mcr  =  ***  [FCr*  +  <E"  14742,1 

It  should  be  noted  that  th*  pressurised  design  curves  in 
Figure  14.7.4.2f  are  valid  only  for  long  cylinders. 

External  Premure,  Unstlffened  Cylinders.  If  a  cylindrical 
shell  with  simply  supported  edges  is  subjected  to  uniform 
*x+emai  pressure,  p,  the  deaign-allowahle  buckling  strew  in 
the  circumferential  direction  is 


where 


ri  K 


15(1  -n2) 


(Eq  14.7.4.21(1 


Fcr  -  allowable  buckling  stress,  psi 

<  ■  bidding  coefficient,  dimensionless  (from  Figure 
p  14.7.4.2g) 

E  -  modulus  of  elasticity  pal 
t  “  wall  thickness,  in. 

L  •  length,  in. 

M  »  Poisson's  ratio,  dimensionless 


r>  -  plasticity  correction  term,  dimensioniew  (see 
below) 

Th*  buckling  coefficient,  Kp,  and  a  definition  of  the 
geometrical  parameters  are  given  in  Figure  14.7.4.2*.  For 
elastic  buckling,  i) lJ  1  is  used  For  moderate  length 
cylinders  (100<Z<11  R2/tJ)  in  the  inelastic  range, 
Reference  147-20  auggeets 


where 

E,  ■  secant  modulus,  psi 
Et  “  tangent  Modulus,  psi 

For  long  cylinders,  (e.g.,  L2/r2  >  il  r/t)  the  design- 
ellowable  buckling  strew  is 

Fr  te  m2 

TT  =  77.  K  '  if  14.7.4  2m) 

*  4(1  -  H  ) 


Figure  14.7.4.2s.  Buckling  Coefficients  for  CWealer  Cylinders 
Subjected  to  External  rrsawre 

(btftmrtc*  f  47-20/ 


The  factor,  7,  was  introduced  to  reduce  the  theory  to  s 
design  value.  NASA  SP8007,  Buckling  of  Thin-Wailed 
Circular  Cylinders,  recommends  y  “  0  9.  For  inelastic 
buckling.  Reference  147  20  suggests 


V  = 


E 


(Eq  1 4.7.4. 2n) 


The  desitn-aliowabl*  pressure  may  be  obtained  from  th* 
formula 


(Eq  U.7.4.2o) 


Thv  pressure,  pcr,  it  the  design-allowable  pressure  for 
complete  buckling  of  the  shell  (e.g..  when  buckles  have 
formed  ell  the  way  around  the  cylinder).  For  some  values 
of  the  parameters  (large  r/t  and/or  large  initial  imperfec¬ 
tions),  single  buckles  will  occur  at  pressures  less  than  pcr, 
but  complete  buckling  will  occur  at  higher  pressures. 
Therefore,  tor  some  applications  these  results  should  be 
used  with  caution. 

The  plasticity  correction  factors  recommended  in  this 
section  were  obtained  primarily  for  the  caae  cf  lateral 
pressure,  but  they  are  probably  sufficiertly  accurate  for  the 
caae  of  lateral  and  axial  pressure  (Reference  147-20). 

Combined  Loading,  Un stiffened  Cylinders.  The  criterion 
for  structural  failure  of  a  member  under  combined  loading 
is  frequently  expressed  in  terms  of  a  stress-ratio  equation, 
R*  ♦  Rj  +  R|  "  1  (Detailed  Topic  14.2.1.2).  The  subscripts 
denote  the  stress  due  „o  a  particular  kind  of  loading 
(compression,  shear,  etc  ),  and  the  exponents  (usually 
empirical)  express  the  general  relationship  of  the  quantities 
for  failure  of  the  member.  The  str&s-ratio,  R,  is  most  easily 
understood  if  it  is  defined  first  for  s  particular  loading 
condition.  In  combined  compression  and  torsion  loading 
(R*  +  R*  »  1),  the  stress-ratio,  Re,  is  defined  as  the  ratio  of 
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compiesaiva  alma  at  which  buckling  occur*  under  the 
combined  loading  to  the  compnat've  (trace  at  which 
buckling  occura  under  compreaaion  alone.  In  general,  the 
atreaa  rat'o  ia  the  ratio  of  the  allowable  value  of  the  atreea 
cauaed  by  a  particular  k.nd  o,  load  in  a  combined  loading 
condition  to  the  allowable  atreaa  for  the  nmr  kind  of  load 
when  It  ia  acting  alone.  A  curve  drawn  from  auch  a 
etreaa-ratio  equation  ia  termed  a  atreaa-ratio  interaction 
curve.  In  aimple  loadinga,  the  term  etram-ntio  ia  uavd  to 
denote  the  ratio  of  applied  to  allowable  atreaa. 


Combined  Toreion  and  Axial  Loading.  A  aami-empiricai 
interaction  curve  for  circular  cylinders  under  combined 
tonlon  and  axial  loading  ia  given  in  figure  14.7.4.2h.  Fcr  ia 
found i  from  Equation  (14.7.4.2c)  and  Ftcr  from  liquation 
(14.7. 4.2f).  In  Figure  14.7.4.2h  the  curvaa  for  r/t  rat'oa  of 
600,  800,  and  1000  ware  determined  by  teat.  Curvaa  for  r/t 
of  1600  and  2000  were  drawn  by  extrapolation. 

Banding  end  Tonlon.  Teat  reeulta  indicate  that  a  conaerva- 
tive  estimate  of  the  interaction  for  cylinder*  under  com¬ 
bined  bending  and  tonlon  may  be  obtained  from 
Figure  14.7.4.21;  Fcr  ia  found  from  Equation  (14.7.4.2g) 
and  '.cr  from  Equation  (14.7.4.2c). 

Axial  Compreaaion  and  Banding.  Teat  data  indicate  that  the 
linear  interaction  for  the  caae  of  cylinden  under  combined 
axial  compreaaion  and  bending,  aho\/n  in  Figure  14.7  4. ay, 
nay  be  uaed.  TOw  buckling  atreaa  due  to  bending  alone  may 
be  found  from  Equation  (14.7.3.2g),  and  the  buckling 
street  under  axial  compreaaion  alone  may  be  found  in  Equa¬ 
tion  (14.7.4.2a). 

i  Axial  Compreaaion  and  External  Praaaure.  Limited  teat 

i  data  for  c*.  idera  subjected  to  axial  compreaaion  and 
external  lateral  and  axial  pressure  indicate  that  the  linear 
interaction  curve  presented  in  Figure  14.7.4.2k  may  be 
j  uaed  for  design.  Fcr  is  found  from  Equation  (14.7.4.2a)  and 
pcr  from  Equation  (14. 7.4. 2o). 


Figure  14.7.4.2b.  Buckling  Straw  Interaction  Curve  for  Unetiffened 
Circular  Cylinder*  unrtcr  Combined  Tertien  and 
Axiei  Leading 

iReferen c*  147-20 1 


Figure  14.7.4.21.  Buckling  Sweat  interaction  Curve  for  Unetlffaned 
Circular  Cylinder*  Under  Combined  Banding  and 
Toraion 

(Reference  147-201 


«M»mlvTThlMi«nrl.lcK  ih^Tctun"  unit 

c  axial  comprwMion  buckling  itrwas  or  dor  cerryveulon  a  I  one 


^  tfwit  due  to  bonding  wt  which  buckling  occur*  under  romblned  toodlng 
_*  *  buckling  drost  due~loVondlnf  undor  bonafing  olgino 
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Figure  14.7.4.2).  Buckling  Sira**  Inter cc tier  Curve  lor  Unttiffcncd 
Circular  Cylindarc  Under  Combined  Axial  Com- 
Bending 

(Reference  147-201 


14.7.4.3  BUCKLING  FROM  INTERNAL  PRES¬ 
SURE.  Thin-wall  component*,  particularly  thoea  of  non- 
ci  cuiar  crow  section,  often  fail  by  buckling  induced  by 
internal  pressure.  J-i  particular,  components  which  have 
been  “flattened”  to  meet  packaging  req  ements  are 
subject  to  this  mode  of  failure.  Figure  14.7  4. 6  presents  the 
results  of  buckling  pressure  ieats  performed  in  a  variety  of 
scale  model  toroaphericai  head  configurations. 
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Figure  14.7.4.3k.  »uohHwg  ttrsss  Interastlow  Ciww  for  UneHffensd 
Circular  CyllMlm  Under  UntM  external 
Nmw  and  AxM  Cwfwl— 

(IMfton ce  147-70! 


Tl.e  jtute-of-the-art  In  analysis  of  bucklinf  due  to  internal 
pressure  it  presently  being  rapidly  advanced .  TTie  fluid 
component  designer  ia  caution  _d  to  evaluate  all  critical 
thin-wall  components  fc.  this  poaaible  mode  of  failure.  If 
high  strength  materials  are  employed,  note  from  Figure 
14.7.4  3  that  critical  buckling  pressure  >a  a  function  of  £,  r, 
and  t  rather  than  F. 


CONFIOUHATION  NO. 

rs 

rT 

e 

A 

7.80" 

1.82" 

35*  JUP'TI* 

3 

9.40" 

1.82" 

27* 

C 

12.4(7' 

1.82" 

18.9* 

|  D 

8.52" 

.88 

35* 

laure  14.7.4.3.  Buckling  Prensm  Venus  Thxkness  for  Virinn 
Toroteherbiai  Head  Conf  Iguratiom 
\dmnd  with  parmiuion  from  Raftranca  566-5.  '  Cxpartnmtm 
Machanict"  Auwutt  1964.  Pgr.  217-222.  J.  Attach!  and 
M.  Ranicak) 
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14.8  PIPING,  TUBING.  AND  DUCTING 

14.8.1  BENDS  AND  ELBOWS 

14.8.2  BENDING  LOADS 

14.8.3  TORSION  LOADS 

14.8.4  COMBINED  LOADS 


14.8  PIPING,  TUBING,  AND  DUCTING 

Uw  boric  elements  of  it i  mm«  and  deflections  In  fwessurised 
cylindrical  member*  are  treated  In  Sub-Section  14.7,  and 
bellow*  Joint*  are  dismissed  In  Sub-Section*  5.13  and  6.6. 
Flenses  ard  other  connector  element*  are  dlaeuaaed  in 
Sub-fiectlou  b.13.  Thla  sub-section  treat*  the  baric  analyata 
of  line  systems,  including  elbow*,  branch  /-,  combined 
lording,  and  fUribillty  consideration*,  but  does  not  evalu¬ 
ate  code  piping  dericn.  Piping  ayatema  for  most  facilities 
come  under  various  rede,  si,  state,  and  insurance  company 
■ode*  which  set  minimum  standards  and  offer  general 
guidance  Information  for  such  design  may  be  oLtalnad 
from  standard  reference  sources  such  as  the  applicable 
codes  themselves,  handbooks  tuch  a*  Mark's  (Ref  renoe 
138-1),  basic  piping  text*  (such  as  Reference  369-1),  the 
A8ME  Code  for  Pressure  Piping,  USA  Standards  (published 
by  the  United  States  of  America  Standards  Institute),  and 
the  catalog!  and  bulletins  published  by  major  fabricator*  of 
piping  components  and  systouu. 

14.8.1  Bwtdt  and  Elbows 

A  bend  or  e’.bow  of  constant  radius  I*  essentially  a  section 
of  e  torus  *rd  behaves  under  preesure  according  to  the 
expressions  for  stress  nnd  defection  presented  In  Sub-Topic 
14.7.2.  In  a  torus  of  vniform  th  lean  ess,  both  of  the 
principal  rimases  are  tensile,  with  the  hoop  r'rese  greater 
and  reachl.^  a  maximum  at  the  crotch  where  failure  would 
be  expected  to  occur  f.-at  (Reference  628-1).  Figure 
14.8.1a  chows  the  variation  In  hoop  atrese  around  a  crons 
section  through  an  elbow.  Figure  14.8.1b  ehows  the 
variation  ir>  this  stress  (at  tl.>e  crotch  point  of  maximum 
invemity)  with  the  radius  of  bend  centerline,  from  which  it 
is  seen  that  this  str**s  becomes  large  for  small  bend  radii. 
Conventional  pipe  or  tube  bendc  are  mrde  by  pushing  or 
pulling  the  pipe  or  tubing  around  a  form  of  the  required 
radius.  The  operation  is  usually  performed  (old  when  the 
rize  is  small  and/or  the  bend  radius  generous;  when  Jie  sixe 
is  large  and/or  Uie  bend  rad'us  sharp,  hot  forming  is  done. 
The  ns  lurri  redistribution  of  metal  which  occurs  during 
bending,  thinning  at  the  outride  and  thickening  at  the 
inride,  a  compensating  factor  of  the  came  order  as  the 
acting  stress;  hence,  tne  requirement  that  conventional  pip* 
bends  he  made  of  thicker  material  to  adjust  for  thinning 
during  bending  is  seldom  warranted  for  the  ratioa  of  R/r 
customarily  uaed.  In  fart,  this  and  other  associated  factors, 
such  as  strain  hardening,  usually  result  in  pressure  failures 
in  the  straight  portion  of  pipes  or  tubes.  This  is  illustrated 
in  the  pressure  tests  of  the  tube  bend  of  Figure*  14.8.1c,  d, 
and  er  showing  the  rupture  in  the  straight  cylindrical 
portion  under  interne)  preesure.  When  failure  wa*  forced  to 
occur  in  the  torus  portion  (Figure  14.8, If),  the  rupture  took 
place  on  the  centerline  of  the  bend  where  the  strew  is  the 
*»me  a*  thsv  in  a  straight  cylinder  and,  incidentally,  where 
th”  materiai  tensile  strength  had  been  increased  the  least  by 
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Fiaur*  14.6.10.  Variation  in  Heap  Itiew  in  s  lewd 
(Adaptad  wit ti  parmMon  from  R afaranea  639- 1. 
“Fraaturv  Vamf  Design.-  Afenfeer  and 
Chamteal  Application!,"  j.  F.  H array. 

Pan  Noatrand.  1993) 


Figure  14.8.1k.  Varta  <  te  Hoop  Stress  with  lend  Radii 
(Adapted  witti  parmiat'  frem  Reference  839- 1,  ‘Fraaaura 
ifeMS/  Oaaiyn;  Nuahar and Chamteal Application!.'' 

J.  F.  Haraay.  Ven  Noatrand.  1993) 


Figure  14.4.1c.  Tube  WHh  140°  Rend 
1  Adaptad  wtft  parmkoton  from  Rafaranea  t.X-1,  ' Trauuta 
Vataoi  Oat/gn:  Nuciaar  and  Chamleat  Applications" 

J.  F.  Haroy,  Van  Noatrand.  1963 ) 


strain  hardening  from  the  fabrication  process.  The  stabilis¬ 
ing  effect  of  the  double  curvature  in  the  torus  region 
accounted  for  a  20  percent  increase  in  bursting  pressure. 
For  this  particular  torus  subjected  to  external  preesure,  the 
collapse  pressure  was  93  percent  higher  (Figure  14.8. lg) 
than  that  for  a  cylinder  of  the  same  sixe  and  thickness 
(Reference  628-1). 

When  hoop  stress  resulting  from  internal  pressure  is  the 
only  major  consideration,  th  >  v-41  thickness  of  a  bend  or 
elbow  is  given  by 
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Figure  14.114.  Tuhe  Failure  M  Internal  Pressure  ct  17J00  gal. 

C.aeHng  Or—  Deformation  and  Rupture  In  Pm 
uyvimnM  muon 

lAdaptad  midi  parmhatan  from  Hafaram ot  939 1,  Traaaura  Vaaaat 
Daafm:  Nuataar  and  CftamAtal  Appiioastoni"  J.  F.  Nanay, 
Van  Noatrand.1993) 


PlMN  14.4.1a.  Tuhe  Failure  at  Internal  Pressure  at  MOO  gal. 

Showing  Cattagaa  at  the  Cyllndrtaal  Hetien 
(Adapted  with  parmiaa/on  from  ftafannea  930  >.  'fVeeasre  Meat*/ 
Oaaign:  Nucharand Chamkal  Application?  J.  F.  Homy. 
Van  foatrand,  1993! 


Figure  14  0. If.  Rupture  of  Torus  Oaattan  at  intwul  Fraaaira  ot 
21,000  gal 

(Adaptad  rath  parmiaafon  fron:  Reference  939 1 ,  'Framura  Vaaaal 
Oatign:  Nuehar  an  1  Chamkal  AppHoadona?  J.  F.  Nanay. 
Vti  Nnttand.  1993) 
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Figure  1  AO. Vg.  OeWagaa  at  Tama  Oaattan  at  Internal  Freaauta 
ot  IMOOgal 

lAdaptad  with  parmkdon  from  flafaranea  9391,  "Ftauura 
Vaaaal  Oaai. pi;  fhackmr  and  Chamkal  Applkatlona? 

J.  F.  Nanay.  Van  Noatrand  1993) 


#  =  nr<: 
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(Id  14.0.1a) 


wham 


t  «  wall  thickness,  In. 
p  •  Internal  proaaure,  pal 
r  -  tuba  rad<ua.  In. 

C  ■  correction  factor  from  Table  14. 8  1 
F  •  allowable  stress,  pal 

Ibla  la  the  simple  formula  for  hoop  atraaa  In  a  thin-walled 
cylinder,  modified  by  the  correction  fac.x  C  (Reference 
73-111).  C  la  theproduct  of  the  length  factor,  C|,  and  the 
load  factor  Cp.  Table  14.8.1  givea  raluaa  of  C,t  Cp,  and  C 
for  several  raluaa  of  Uie  radlua  ratio,  R/r.  Figure  14.8.1h 
provides  the  valuac  of  C  for  any  point  about  ih<-  circum¬ 
ference  of  a  aection  through  the  elbow  for  apec’flc  radlua 
ntloa  between  2  and  8.  Figure  14.8.11  provider  the 
masintus.  value  of  C  (at  R;)  end  the  minimum  value  (at 
Ro)  for  any  radlua  ratio  b»tw*en  a  and  8.  At  and  near 
radlua  R,  the  correction  factor  la  C  -  1.0  and  the  wall 
thickneaa  ia  the  aame  aa  for  a  straight  pipe,  while  for  R<,  th^ 
thlckneaa  la  reduced,  and  for  R|  it  la  increaaed. 

TaWa  14.8.1  1.  VtaN  ThMtneaa  Correction  Coeff  talents  tor  glbowe 
lAdaptad  vrith  parmlaalon  from  Pafaranca  73-111,  “ Drniqn 
Noaaa." 33  Noaambar  1999,  *tl.  31.  no.  3J,  H.  *V.  Hamm) 


MAXIMUM  comkction  facto*  c 
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FWM0l4-8.fr  Elbow  US8  ThtekiMH  Carnation  Pntor  C 
(Adaptad  wKipmiwiJoi  iwn  Aofeanrw  73)  ti.  TTartSn 
MMo,"  2J  rfUptwwbar  fUHA  rot  2F,  im.  X.  M.  1%:  Hamm) 
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Hi*  wmplito  arulysla  of  on/  bond  or  elbow  imiM  Uko  into 
condderottoo  not  only  tbt  prawn  lond  dloouamd  a  be  ». 
but  al*o  my  bonding  or  tonional  Itwdi.  (Uhnnu  44  44 
preeenta  on  excellent  doaign  procedure  for  a  family  of 
tktondod  connector*  oonalrting  of  uniona,  aibowa,  toot,  and 
croon aa.  Tho  doaign  procedures  art  programmod  for  digital 
computer  rolution  and  aro  re  preeenta  thro  of  tho  elata-of- 
iho-art  in  computer  aidad  doaign  of  aoroapaoo  fluid  com 
pooonta.  Tho  following  analyata  of  combi  nod  atroaaoa  in  a 
flangod  oibow  haa  boon  adapted  from  Roforonco  44-21.  Tho 
atomanUry  atreaaea  at  a  point  in  tho  mombor  on  eortaln 
pianoa  panting  through  tho  point  con  bo  dotorminod.  Nona 
of  thaoa  itroaaaa,  in  general,  will  bo  tho  maximum  atroaa  at 
tho  point.  It  la  Important,  therefore,  that  tho  rotation 
brtwoon  tho  atroaaoa  at  a  point  on  diffaron.  plana*  paaaing 
through  tho  point  bo  found. 

For  anv  combination  of  (trocar :  at  a  point  in  a  atroaood 
body,  three  mutually  perpendlcvtar  piano*  paaaU«  through 
the  point  can  bo  formed  on  which  only  normal  atroaaoa 
•aiat;  tho  normal  atroaaoa  on  thaao  planar  on  which  no 
(hearing  atroaa  oocura  aro  tho  principal  atrojar*.  Tho 
maximum  and  minimum  normal  atrvoao*  at  a  point  aro 
principal  atrooaaa  Theee  atroaaoa  aro  usod  to  dotormino  tho 
fatiguo-atroao  condition.  Thay  aro  alao  Important  in  tho 
detorminatlon  of  maximum  (hoar  atroaa  at  a  point  in  th* 
body. 

Tho  first  atop  la  to  compute  the  elementary  atroaaoa 
ieoelopod  by  tho  fluid  prorouro  and  tho  I  n  ling  moment. 
Subaoquont  (tree  calculi  :toru  include  tuiermTnatlon  of 
atroaa  concentration  factors,  principal  normal  atmaana.  and 
maximum  ahaar  atroaaoa. 

The  atroaa  rolationahipa  being  considered  in  thia  analysis  art 
indicated  in  Figure  14.8. 1J.  Views  A,  B,  and  C  represent  a 
point  of  atroaa  on  a  plana  perpendicular  to  tha  axla  paaaing 
through  tha  point,  filamentary  atroeoaa  developed  by  fluid 
ptoaaura  and  banding  an*  indicated  in  each  view. 


Fi*ira  14.M.  Elemowtory  gwoaata  Ooeolopad  at  a  Mat  Due  to 
*rm»ure  and  Banding 

(Rafaraoca  44-24) 
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Compute  Hwwtity  Strewn  Dm  to  Pnmure.  As  Indi¬ 
es  Ud  In  Figure  14,8. 1J,  tbm  an  Hum  teanttry  stresses 
cnittd  by  Uw  prwiw.  Tbs  ooopnote  Mrs as,  fCp  in  Um 
inside  surface  equate  tha  fluid  pwesur*  in  mafnituda. 
Oanarally,  this  uraaa  can  ba  neglected  except  In  hlgh- 
pirnuN  system*. 

A  to  nail*  hoop  strew  la  Mao  created  which  may  ba 
computed  by  tha  Lame  aquation  for  thick -walled  ~yllnd«n 

,  * »,’) 

fH  = -  tlq  14.S.1M 

K  -  n? 

where 

f„  •  tenaila  hoop  atram,  pal 

f  •  Internal  preaaute,  pal 

D  •  outside  dlamatar,  in. 
o 

D(  -  Inside  diameter,  in. 

The  third  elementary  strew  due  to  pressure  is  the  longitudi- 
uM  straw.  It  la  also  a  tenaila  straw  and  acts  at  90  dagrew  to 
th«  hoop  atrsaa.  To  compute  this  straw: 

PD? 

f  _ -  <R,  14.8.  lei 


where 

f,p  •  longitudinal  tensile  strars  due  to  pressure,  psi 

Compute  Elementary  8trewss  Dm  to  Banding 
Moment.  Taro  strssrsr  are  created  by  Mia  banding  moment: 
*  bending  straw,  tb,  and  a  torsional  shear  straw,  f„.  When 
calculating  tha  banning  and  torsional  strsmss,  it  is  nscswsry 
to  take  into  consideration  the  no nconoen tricity  of  the 
inside  and  outside  diameters  of  the  fluid  passage.  Because 
the  flanges  add  reinforcement  to  the  pamage  walls  in 
withstanding  tha  terawaa  created  by  fluid  pressure,  r 
consideration  of  nor  oonotntrt  city  ww  not  required  for  tha 
calculation  of  the  hoop  sod  bu  longitudinal  stresses. 

A  bending  straw,  f^.la  developed  by  the  action  of  the 
bending  moment,  M.  Since  M  is  a  fully  reversed  moment  w 
shown,  the  bending  strew  at  the  strseeea  point  alternates 
from  a  tensile  strew  to  a  romptnelve  straw. 

flu  magnitude  of  the  strew  Is: 

c  M 

fb  ila  te.g-’di 

where 

f  b  ■  bending  strew,  psi 

M  “  bending  moment,  in-lb 
Z  •  section  modulus,  in3 

A  torsional  shear  straw,  f,  ,  results  from  application  of  the 
betiding  moment  as  indicated  in  Figure  14.8. Ij,  view  C: 


f  4M 

*<!>:  +  n*> 

where 

f|t  *  torsional  shear  strew,  psi 
t  -  wMI  thickness,  in. 


(la  14  g.1s» 


Select  Strew-Concentralion  Factors.  In  s  flanged  fitting 
such  as  this  particular  elbow,  one  of  the  most  severe  'tress 
conditions  in  terms  of  fatigus  exists  at  the  flllet  blending 
the  flange*  to  the  body.  Such  section*  are  beet  handled  by 
applying  atrew-oonoentratlon  factors.  The#*-  factor*  are 
mleeted  on  the  beak  of  the  ratio  of  the  t'illet  radius  to  the 
outside  diameter  of  the  body,  rf/D0. 

For  the  purpoaee  of  this  analysis  it  was  decided  that  If 
rr/Dt,  was  law  than  0.02  the  stress-concentration  factor, 
for  bending  strew  should  bs  1.0  and  the  stress 
concentration  factor  Kt  for  torsional  strew  should  be  2.2.  If 
r»/Dc  was  greater  than  0.02,  appropriate  strew- 
conoentration  factors  may  be  approximated  from  Figures 
14.6.3.6d  end  e. 


Compute  Principal  Strowsi.  Ir.  Figure  14.B.1J,  view  A,  the 
bending  at-ew  and  the  longitudinal  prewure  strew  are 
additive.  On  the  basis  of  the  methods  described  by 
Timoshenko  !n  Reference  B38-4,  thiee  principal  streeees  aro 
calculated. 


f3  =  fq,  IEq  14  8.1h| 


In  view  B  the  bending  stress  and  the  lougitudinM  prewure 
stmw  are  not  additive,  since  fb  is  a  compressive  strew.  In 
this  cset  the  principal  stresses,  following  Timoshenko's 
method  ere: 
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(Eq  14.8.1k) 


Compute  Shear  Stresses.  Shear  itrawa  are  uk  lb  ted  with 
each  set  of  straw  condition*  from  which  the  principal 
stresses  were  determined.  The*  shat'  stresses  are  computed 
by  .wim  of  the  maximum  shear  strew  ;heory  (£q 
14.0  .11.4).  One  jet  of  shear  streceec  is  xdculcted  from  .  a 
first  set  of  principal  stresses  lfs,  f  j,  and  *  ),  thus: 

f(  -  f3 

= - , —  (Eq  <4.8.1!) 


f,  -f 

fa2  =  ”2  (Eq  14.8.1ir' 

f,  -  h 

f  -  -  *Eq  14  a,1n) 

»3  2 


A  second  set  of  shear  stresses  ie  calculat'd  from  the  second 
aet  of  princ:p*l  stresses  (f  j ,  fj ,  and  fj  ),  thus: 


(E4  i-va.w 


*2 


(Eq  14.8.1p) 


(Eq  14,C,1qi 


Reference  -.4-24  presents  detailed  atep-by-»tep  procedures 
for  using  the  strasras  calculated  above  in  fatigue  analysis 
and  detign  iterations.  Essentially  the  basic  techniques 
outlined  in  Sub-Section  14.5  utilizing  a  modified  Goodman 
diagram  and  selected  Allowable  values  of  ma.~rial  fatigue 
properties  are  used  to  establish  the  m*  fin  of  safety 
associated  with  these  calculated  principal  stresses. 


14.8.2  Bending  Loads 

Straw  Level*  and  Wall  Thickness.  The  elementary  straw 
formula  for  the  elastic  bendiif  of  s  round  tuba  la 
(Reference  l-3*t.  V 

MRo 

fb  =  —  (Eq  1 4.8.2a) 

where 

ffe  »  applied  bending  strew,  psi 

M  »  Sending  moment,  in-lb 
P  -  outside  radius,  in. 

1  •  moment  of  inertia,  in'* 

where 

D»  *  2R„.  h>. 

*  ■  well  thickness,  in. 

T:«  minimum  practicable  well  th‘cWne*s  will  depend  on  the 
method  used  in  manufacturing  the  tube,  such  as  extruding 
and  machining,  drawing,  forging  and  machining.  For  tubes 
in  f  inding,  it  ’  as  teen  found  that  four  targes  of  D/t  exist, 
eacit  corresponding  to  a  different  mode  of  failure 
Reference  1-318): 

a)  tiS  %/(<10.  Failure  in  plutic  7  ending  and  10  local 
instability . 

b)  I0<no/t$?C.  Failure  in  plastic  bending  with  locd 
> -^stability  exhibiting  a  single  transverse  fold . 

c)  20S  Da/tS  2000.  Failure  by  local  irstability  exhibiting 
one  or  more  inward  d.amond-shaped  buckles  Failure  is 
>n  the  plwtic  ra.ige  at  lower  values,  and  is  apparently 
locally  plwtic  at  ‘he  higher  value*. 

d)  Don>2000.  Failure  by  elastic  instability  in  the  form  of 
inward  diam  nd-shaped  buckles. 

Reference  1-318  indiraies  that  when  bending  loads  only  are 
considered  -»  minimum  weigut  is  ususlly  obtained  with  a 
value  of  D/t  between  90  and  100. 


14.8.3  Torsion  Loads 

Pure  torsion  loads  on  a  straight  tube  or  duct  resuit  in 
twisting,  with  each  section  rotating  about  the  longitudinal 
axis.  Within  the  elastic  range  plane  section,  remain  plane 
and  radii  remain  straight.  A  shear  strew,  fs,  exists  at  any 
point  in  the  plane  of  the  section;  the  magnitude  of  this 
shear  is  proportional  to  the  distance  from  the  center  of  the 
section,  and  its  direction  is  perpendicular  to  the  radius 
drawn  through  the  point.  Accompanying  this  shear  strew  is 
an  equal  longitudinal  shear  straw  on  a  radial  plane  and 
equal  tensile  and  compressive  stresses  at  45  degrees.  The 
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twisting  defunutio^  is  msssursd  in  term*  of  ths  angle  of 
twist  (radians)  representing  the  angu’ar  change  of  a  radius 
in  the  section  under  consideration,  as  shown  in  figure 
14.8.3.  This  angle  of  twist  may  Lj  expressed  jy  the  general 
equation 

T8 

6  ~  —  (Eq  14.«  3s) 

when 

6  *  angle  of  twist,  radians 
T  »  twbtlng  moment,  ibf-in 

(!  ™  length  of  the  member,  in. 

J  ■  Torsion  conrtant  (polar  moment  of  inertia,  Ip,  in 
the  case  of  round  tubes),  in* 

0  -  modulus  of  rigidity  ibf/in^ 


For  a  hollow  pipe  or  tube  of  inner  rrdius,  r*,  and  outer 
radiua,  r0. 


e  - 


2TE 


<Eq  14.  *.  3  If) 


Hie  sheer  utreaa  at  any  point  g  a  distance  r  from  the  center 
of  the  section  mry  be  expressed  by 

.  Tr 

f,  =  y  (Eq  14.gJc) 

The  shear  Jtresa  becomes  a  maximum  ct  the  surf  so: 


where 


f 


IlnlX 


J 


(Eq  14.8.3d) 


r  ■  radius  to  outer  surface 


Figure  14.8.3.  Straight  Bar  of  Uniform  C^euiar  Sention  Under 
Purs  Torsion 

i Adapted  with  per minicm  from  fit  fere  nee  461-2,  "Formulae 
For  Strati  end  Strain"  R.  J.  Roark,  McC:  raw  Hill  Book 
Company,  tnc,,  '965t 


For  the  hollow  pipe  or  tube 


2Tr 


,4  4, 

ff(r„  -*|) 


(Eq  14^.3*) 


14.8.4  Combined  1  oads 

In  actual  practice  a  line  seldom  sees  only  a  single  pure  form 
of  loading  such  as  pressure  only,  bending  only,  or  torsion 
only.  Actual  stresses  and  strains  ar<-  the  result  of  a 
combirattion  of  any  or  all  loads.  Whera  bending  exists  in  a 
closed-end  cylinder  under  pressure  (having  a  longitudinal 
component  of  stress  due  to  pressure),  the  combined 
longitudinal  tensile  stresses  may  well  exceed  the  hoop  stress 
due  to  pressure  and  thereby  govern  the  selection  of  the 
tube  diameter,  wall  thickness,  and/or  material. 

If  stress  is  the  primary  concern,  the  combined  stresses  may 
be  obtained  by  simply  adding  bending,  tension,  and 
(longitudinal  pressure)  stresses,  as  in  the  discussion  of 
elbows  (Sub-Topic  14.8.1).  If  instability  is  a  consideration, 
a a  in  the  case  of  thin  wall  sections,  the  stress  ratio  approach 
discussed  in  Detailed  Topic  14.2.1.2  should  be  used. 
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14.fi*  SEAMS 

14.9.1  BEAMS  UNDER  BENDING  LOADS  ONLY 
14.9.1.1  Tabulated  Beam  Deflection  Jate 
14.9.1,  *  Nomograph  for  Maximum  DtfMloa 

Du*  te  Any  Number  of  Loadr 

14.9.1.3  Largs  Butte  Deflection  of  Beams 

14.9.1.4  Deflection  of  Sho.i  Beam* 

14. 9.2  BEAMS  UNDER  COMBINED  l  OADING 

14.9.3  BEAM  DEFLECTION  DUE  TO  SHEAR 

14.9.4  CURVED  BEAMS 

14.9.5  REACTION  FORMULAE  FOR  RIGID  FRAMES 


14.9  BEAMS 

Itie  following  introductory  dluuvinn  o.  loaded  beam 
problema  ia  adapted  largely  from  Referent*  73-127.  When 
solving  problema  of  loaded  beam*  supported  in  any  manner, 
»he  bending  moment  ia  aiaumed  to  he: 


where 

M  '  bending  moment,  in-ib 
E  ■  modulus  of  '.'aaticity,  psi 
I  -  moment  of  inertia,  in4 

x  »  coordinate  of  a  point  meaaured  from  one  end  of  the 

toam,  in. 

y  «  deflect:  am,  in. 

The  uaual  method  for  finding  the  elastic  line  (center  line  of 
the  beam)  ic  to  integrate  twice  to  tain  the  equation  of 
the  deflection  curve,  y  ■  f(x).  l.iic  U  known  aa  the 
double-integration  method.  There  are  other  methoda,  tome 
of  which  are: 

1)  Graphical 

2)  Area-moment 

3)  Conjugated  beam 

4)  Caatigliano’a  theorem 

5)  Virtual  work 

6)  Finite  difference 

7)  Laplace  transform 

8)  Maclaurin  series 

9)  Fourier  series 

10)  Macaulay’s  method 

11)  Hetenyi-Niedenfuhr  method 

12)  Theorem  of  three  moments 

13)  Slope  deflection 

Of  these  techniques,  the  simplest  is  Macaulay’s  method 
(Reference  618  1).  It  ia  especially  suited  for  disconf  nuous 
loading  such  aa  simultaneous  action  of  concentrated  loads, 
moments,  and  uniform  loads  acting  only  on  part  of  a  beam. 
However,  deapite  iU  simplicity,  Macaulay’s  method  has  one 
important  limitation  —  it  does  not  apply  tc  statically 
indeterminate  beams.  The  Hetenyi-Niedenfuhr  method  ia 
clear,  easy,  and  faster  than  other  known  methods.  The 


particular  advantage  of  the  Hatanyl-Nledenfuhr  rwthod  la 
that  th®  equations  for  statically  Indeterminate  beams  at*  as 
easily  set  up  aa  for  statically  determinate  beams;  also,  it  b 
applicable  to  both  continuous  and  discontinuous  loads.  An 
attract  of  this  method  ia  in  Reference  7«M2V. 

14.9.1  Btarrrs  Under  Bending  Loods  Only 

14.9.1.1  TABULATED  BEAM  DEFLECTION  DATA.  The 
bulk  of  available  data  on  beam  deflections  under  bending 
loads  only  pertains  to  small  deflections  within  the  elaeti  - 
range.  Tabir  14.9.1.1  gives  formulae  for  reaction  and 
vertical  shear  loads,  bending  momenta,  deflections,  and  and 
slopes  of  beams  supported  and  loaded  in  various  ways.  The 
following  assumptions  apply  to  'has*  formulae: 

1)  The  beam  ia  of  homogenous  material  with  th».  same 
modulus  of  elasticity  in  tenrion  and  compression. 

?)  The  beam  is  straight  or  nearly  so;  if  slightly  curved,  the 
curvature  is  at  least  10  times  the  depth. 

3)  The  cross  section  is  uniform. 

4)  Die  beam  has  at  least  one  longitudinal  plane  of 
symmetry. 

R)  All  loads  and  relations  are  perpendicular  to  the  axis  of 
the  beam  and  lie  in  the  seme  plane,  which  is  a 
longitudinal  plane  oi  symmetry. 

6)  Th:  beam  is  long  in  proportion  to  depth. 

7)  The  maximum  strees  doee  not  exceed  the  proportional 
limit. 

14.9.1.2  NOMOGRAPH  FOR  MAXIMUM  DEFLECTION 
DUE  TO  ANY  NUMBER  OF  LOADS.  A  simplified 
approach  is  available  for  determining  the  maximum  deflec¬ 
tion  of  any  of  the  five  cases  described  in  Figure  14.9.1.2a 
by  means  of  the  nomograph  reproduced  in  Figure  14.9.1.2b 
from  Griff*!’*  Handbook  of  Formulae  for  Street  and  Strain 

i Reference  618-1).  The  nomograph  is  given  in  term*  of  the 
j  L  ratio,  which  defines  the  point  of  application  of  the 
load. 

The  nomograph  also  allows  fast,  accurate  solution  of 
multiload  beams  of  any  material  and  cross  flection.  For 
beams  of  a  circular  cross  section,  the  mt  ment  of  Inertia  will 
be  found  directly  on  the  nomograph  as  a  function  of 
diameter,  d. 

Example:  Find  th i  maximum  end  deflection  of  the  steel 
beam  shown  in  Figure  14.9.1.2c.  E- 30x10®  pei  and 
I  -  800  in4. 

Solution:  To  And  yt  . . .  y4,  first  calculate  values  of  the 
ratio  2/L  for  each  load,  then  determine  each  value  of  y 
from  the  nomograph.  Determination  of  the  value  y2  is 
given  in  detail  as  follows: 

I )  Locate  the  inters  ection  of  °/L  “02  and  the  curve  for 
case  1. 

2)  Project  horizontally  to  the  right  to  reference  line  1.  (For 
end  load  start  at  point  T. ) 

3)  Align  this  intersection  with  E  ■  30  x  10®,  intersecting 
reference  line  2. 

4)  Align  this  intersection  with  W  -  5000,  intersecting 
reference  line  3  extended. 

5)  Align  this  intersection  with  L“  120,  intersecting  refer¬ 
ence  line  4. 

6)  Align  this  intersection  with  I  -  800,  intersecting 
yj  “  0.083  in<*h. 

Deflections  y» ,  yj,  and  y4  are  found  in  *  similar  manner. 
The  total  deflection  is  shown  in  Table  14.9.1.2. 
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T~tt«  14.911.1.  Steer,  Moment,  and  DetlactKMi  Formula*  f  i  Bums 
(Adaptad  with  patmhalon  from  Rafanret  618-1) 


Notation:  W  -  load  (lb.);  w  -  unit  load  (lb.  per  linear  in.).  M  is  positive  when  clockwise;  V  is  positive  when  upward;  V  is  positive 
whoa  upward  Constraining  momenta,  applied  couples,  loads,  and  reactions  arc  positive  when  acting  as  shown  All  fore's  are  in 
pounds,  all  moments  in  inch-pounds;  ell  deflections  and  dimensions  in  inches.  9  is  in  radians  and  tan  9  —  9 

Statically  Determinate  Canes 
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TaMa  14.0.1.1.  thorn.  Momant,  and  Oaflaatiwi  Pormuiaa  H*  I«im  (ConttnMd) 
(Adapted  with  parmtttion  bom  Mt  brand  619-1! 
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(kdmtfd  » frk  ponmk •  ham  Hakmanaa  €19-’. 

"H-  aooak  of  Format  for  9mm  and  Strain,  " 
i \.  urttM,  Fradartak  LMgar  FyO.  Company,  1866) 


Load  (5b) 

R.itio  fi/L 

Deflection  (in.) 

3,000 

0 

y ,  -  0.07? 

5,000 

0.2 

y  ,  -  0.063 

10,000 

0.2 

y -  0.066 

6,000 

A  A 

Wi* 

v  r  i.  nno 
*  4  ’ * 

Total  deflection 

y  -  0.222  In. 

14.9.1.3  LARGE  ELASTIC  DEFLECTION  OP 
BAAM&  Hm  solution  for  forge  deflection  of  osntilvver 
beams,  such  m  ■  cantilever  spring  (flgim  14.9.1.3*) 
cannot  ba  obtainad  (h  m  elementary  beam  thaorv  because 
the  bade  aaaumptkma  no  lonfar  hold  true.  Specifically,  the 
elementary  thaory  na|kcta  the  aquara  of  tha  first  darintl'** 
In  tba  dsmonmator  of  tha  nmtan  fom.uk  (Kq  14.9.1.3) 
and  k  therefore  Invalid  for  brnim  of  Ufa  deflections 


dx2 


Figure  14.9.1.2a.  LaxMna  Diegramr  of  law  TmcSsC  In 
Saattan  14.6.1.2 

/Adapt  d  Ml*  parmiaaion  from  /Mwm  919-1.  "Handbook 
of  Formula!  for  Strom  and  Strain"  Mt  Oritfof. 

F  radary ck  Unpar  Foblkf»ln$  Company.  1188) 


Figure  14. t.  1.2a.  LoaAnp  Diagram  foe  Section  14-*-1 .2  Example 
(Adaotad  with  parmisuon  from  ftafaionca  618- 1.  "Handbook  of 
Formulm  for  Strom  and  Strain?  Mt  Ortffot.  Fradarkk 
Unfar  FtMiahino  Cotryrany.  1966) 


where 


R  -  radius  of  curvature  ■  in. 

At 

Also,  no  provision  is  mada  in  tha  fotmuk  for  the  shortening 
of  tha  montant  arm  aa  tha  loadad  and  of  tha  cantilever 
deflects. 

Finnr  14.9.1. »b  k  reproduced  from  Reference  598-1  and 
aids  in  solution  for  the  deflection  by  both  the  elementary 
formula  ard  the  exact  fonnuk. 

The  following  example  illustrates  tha  errors  which  may  be 
introduced  when  elementary  beam  equations  are  used  to 
determine  banding  stresses  for  flexible  beams  capable  of 
large  elastic  deformations. 

Example:  Given  an  end-loaded  flat  cantilever  spring  (Fig' 
urs  14.9.1.3a)  with  b  -  0.40  Inch,  h  -  0.030  Inch,  L  -  S 
inches,  6-2  inches,  B  -  30  x  10®  pal,  U  -  0.3,  and 
I  -  9  x  10’7  in4.  Find  L  —  A  and  P  by  both  the  elementary 
and  exact  methods  and  compute  corresponding  bending 
stresses 

Solution: 

Elementary  method- 
Case  1,  Table  14.9.1.1 
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Flpm  14/4.1.3*.  lay  glesde  PtWnHan  ai  a 
(Adaptad  with  parmittiort  from  Rtfaranca  869-1.  “Ei 
Doth*"  J.  H.  Faupai,  Why  Company,  1864 


0  0.2  0.4  0.6  0,8  1.0 

vt  o*  (L  -A)/L 


Figun  14.9.1.3b.  Chart  for  Largs  EU.Uk  Mbctkn  Vstwes  ot  I 
Ciotlbwv  8mm 

(Adaptad  with  parmitsion  from  Rafarancm  896-1.  "Bnginaaiing 
Dadgn/'J.  H.  Faupai.  mtay  Company.  1964) 


Maximum  deflection  *  6 


PL3 

3EI 


Maximum  bending  moment  *  PL 
Mh 

Bending  etreea  -  fb  ■  — 


(3)(3OxlO0)(SxlO’7)(2) 

~ - - - - -  *  *  o  id 

(3)3 


M-  (6)  (3)  -18  in-lb 

(18)  (0.030) 

fb- - -  - 

(2)  (9  x  10  *) 


300,000  pai 


Exact  method: 

6/L  -  2/3  -  0.67 


2  (1  — II  ) 

From  Figure  14.9.1.3b  PL  — — —  *  4.6  at  6/L  »  0.67 

El 

A  •  3  —  (0.64)  (3)  ■  1.08  in. 

M  *  P  (L  -  A)  -  (14.86)  (1.92)  -  26.96  in-lb 


,  (26.96)  (0.030) 

‘  b  -  - 

(2)  (9x  10‘7) 


432,000  pei 


Error  in  using  elementary  equations  is 


432,000  -  300,000 
300,000 


(100)  =  44% 


which  is  unacceptable  for  even  rudimentary  stress 
calculations. 


It  may  be  ceen  from  Figure  14.9.1.3b  that  the  exact 
method  coincides  fairly  well  with  elementary  theory  up  to 
6/L  "  0.1,  but  diverges  rapidly  above  6/L  *  0.6. 

749.1.4  DEFLECTION  OF  SHORT  BEAMS.  Another 
instance  where  the  elementary  formulas  for  bending  stress 
can  yield  large  errors  is  the  short  beam  where  the  span  is 
relatively  short  in  comparison  to  the  depth  of  the  beam 
(Reference  73-138). 


When  a  simply  supported  beam  is  subjected  to  a  uniformly 
distributed  load  of  magnitude  w  (Figure  14.9.1.4a),  it  can 
be  shown  by  the  theory  of  elasticity  that 

U  ~  (1-*  -  XJ)  y  +  <*«»  149.1.4s) 


where 

J,  -  internal  stress  in  the  x  direction,  psi 


w  -  unit  load,  lbj/i  ait  length 

I  ■  moment  of  inertia,  in4 

L  -  one-half  length  of  beam,  in. 

x  “  position  from  center  of  beam  along  length,  ir.. 

y  ■  distance  from  nev'ral  axis  to  extreme  fiber,  equal 
to  one  half  be  depth,  in.  (for  beam  of  rec¬ 
tangular  cross  sec..~>n) 

The  first  term  gives  the  stress  provided  by  the  elementary 
theory  and  the  second  term,  which  is  independent  of  x, 
tire  correction.  It  is  assumed  in  the  derivation  that  the 
normal  loading  at  the  ends  of  the  oeam  is  the  same  as  the 
magnitude  of  the  normal  stresses  at  the  ends.  At  the  center, 
x  *  o  and  the  moment  is  maximum. 


M 


(Eq  14.9.1.4b) 


where 

M  “  bending  moment,  in-lb 
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(Adafifd  with  pirmtwion  from  Af  4*-r ».  73-  139, 
"Dmffn  Mtvm?  t  Nwmnbtr  1968,  voi-  13, 

8  Set/men/ 


(I*  14.9.1.4c) 


The  ratio  of  the  street  by  the  exact  method  to  that  0ven  by 
the  elementary  theory  is 


Exart  f 

mi* 

Elementary 


<K*  14.41.4dl 


A  plot  of  L/c  versus  the  stress  ratio  is  given  in  Fig¬ 
ure  14.9.1.4b.  It  can  be  seen  from  Equation  (14.9.1.41) 
that  the  difference  between  the  exact  balding  stress  and 
that  calculated  from  elemental  theory  exceeds  one  percen. 
when  the  ratio  of  beam  length  to  beam  depth  is  bellow  6.2. 


14  9.2  Beams  Under  Combined  Loading 

The  following  discussion  of  beams  under  combined  axial 
and  transverse  '  oada  includes  a  siir.plit  ied  approx  mate 
method  and  has  been  reproduced  with  permission  tom 
Reference  6x8-1  to  supplement  the  classic  tabulation  of 
formulae  reproduced  in  Table  14  9.2a  from  Refer¬ 
ence  461-2.  Reference  618-1  eleo  includes  a  detailed  treat¬ 
ment  of  the  accurate  method  of  analysing  boanw  u  tder 
combined  loading,  including  tabulations  of  constant*  and 
nomographs. 

Analysis  of  the  deformation  c*  beams  under  simultaneous 
axial  and  transverse  loading  can  become  extremely  com¬ 
plex.  Axial  tension  tends  to  straighten  the  bam,  thus 
counteracting  the  bending  moments  produced  by  the 
transverse  load.  On  the  other  hand,  axud  compression  may 
greatly  increase  the  bending  moment,  slope,  and  deflection 
of  the  beam.  Any  of  these  effects  may  also  be  produced 
when  the  transverse  load  is  replaced  by  an  externally 
applied  couple. 

A  beam  under  combined  loading  cannot  be  analysed  by 
simply  superimposing  the  effects  of  axial  and  lateral  loads 
or  externally  applied  moments.  The  method  of  solution 
must  take  into  account  the  simultaneous  effect  of  these 
loads. 


Figure  <4.9. 1.4b. 


7  *  a  —  -a  -  -i**-  — -  — — —  i — .  f  _ .  —  " - —  - * 
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Two  methods  of  analysis  may  be  used  in  determining  the 
total  fiber  atrem  in  such  members.  On#  method,  which  is 
approximate  in  nature,  assumes  that  the  elastic  curve  of  the 
deflected  member  is  similar  in  form  to  the  curve  for  a 
similar  member  under  the  action  of  transvena  loads.  The 
moment  I’ue  to  the  deflection  is  estimated  -  on  this 
assumption  and  combined  with  the  moment  due  to 
transverse  1  rods.  Tk-  other  method,  which  is  an  exact  one, 
makes  use  of  the  differentia)  equation  of  the  elastic  curve 
and  applies  to  relatively  long  and  siender  members. 

The  criterion  for  using  either  of  the  two  methods  is  the 
critical  Euler  load.  The  approximate  method  may  be  used: 
for  cantilever  beams  if  P>0.136  EI/J.2 ;  for  beams  with  end 
support  if  P>0.6  EI/L2 ;  and  for  beams  with  fixed  ends  if 
F  >2  Bl/L2.  The  precise  method  (Table  1*.9.2)  should  be 
used  for  cantilevers  if  P>0.8  EI/L2;  for  beams  with  end 
supports  if  P>3  ZI/L3 ;  and  for  beams  with  fixed  ende  if 
P>4  EI/L2. 

As  stated  above,  the  approximate  method  of  solution  is 
based  on  the  assumption  that  the  elastic  curve  for  the 
member  with  the  axial  load  removed  is  similar  in  form  to 
the  curve  when  the  axial  load  is  in  place.  It  is  also  aasur  led 
that  the  deflection  and  moment  under  combined  loading 
are  proportional  to  the  deflection  and  moment  for  a  similar 
member  subjected  only  to  transverse  loading.  Therefore  the 
formula  that  applies  here  is  appropriate  only  for  beams  in 
which  the  maximum  banding  moment  and  maximum 
deflection  occur  at  the  same  section. 
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TaWa  14.9.2a.  PonnutM  lot  laaiwa  Undar  CamMml  AxW  and  Tranaaaraa  Lm4% 

(Adtptod  with  pvrmimJon  from  Ptforonoo  491-2.  “Pormofm  for  Stmt  ond 
Sr -tin,  /?.  J.  Potrft,  MeOrowHIH  Book  C ompory,  Inc.,  19691 

Natation:  M  -  banding  mount  (is. -lb.)  dva  to  tha  wiobiMd  loading,  pototbra  whan  etoekwun,  nogaurs  whan  eouatareloakwfca; 
Viand  M- unapplied  external  eouplaa  (in. -lb.)  pon'tre  whan  sating  as  shown;  y  -  deflection  (in.),  positive  whan  upward,  negative  whan 

downward;  #  "»  aiopa  of  baam  (radian*)  to  boriaontal,  positive  whm  upward  to  tha  light;  j  ■»  whara  B  -  noodulua  of  aiaatirity, 

/  —  moment  of  inertia  (in.*)  of  eroaa  aaeUon  about  horitontal  oantral  axia  J*  -  axial  load  (lb.);  V  «■  j;  TT  »»  transverse  load  (lb.), 
w  -  transverse  unit  load  (lb.  par  linaar  in.).  All  dimensions  un  in  inches,  all  foroee  in  pounds,  all  angles  in  ndlans 
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TiM*  14.9.2s.  Formulas  for  Boom  Under  Combi  nod  AxM  and  Traruaerae  Loodlm  ( Continued) 
lAdaptad  with  pormimion  from  ftoforonca  461-2.  "Fo'mulw  for  Straw  ond  Strain, 
ft.  J.  heart,  ItcOrawHill  took  Company.  Inc..  1963) 


Muaudludhpudnefurt 

Forniiln  for  oariniie  baadlas  tonal,  anabaan  d»l,irdti.,  aad  Sapa.  aad  aoaalnWai  aweaaSa 

Mx "  Mt  •  **(  * **“  +M  "  (‘  ~  a}£\v)  •*  *  -  i1 

RtmTunninnKI  1 1’ 

->8 

Th»  aqaadoa  la  adrad  for  17,  aad  P  dalornlaad  Ihonfron 

c "  ian»  **“ 4)> F  "  m  nr' (‘ -  af) 

Who  r.  b larpa  (paatar  thaa  It).  P  -  -  X ] 

Who  P  kn  baa  teaad  kpaaftha  ahorr  fianaloo,  ir  aati  p  n#p  ba  faaad  bp  Iba  fanaaiao  al  Can  It 

M4i  fUi  aat  (A  —  1\  .  Jddo/L'i  torn  U,  -  t\ 

TV - 175 - )  +  1T\ - V? - ) 

,  „rkfl-Vtt*l\\  .  hfl  -C7,nlt/.\1 

+  ir*UV.  "W - )+M. - P5 )| 

.jpdn/toHfj^lUA  qtf/lan;.-itf..\ 

TV  i,\  ue  / 

(Tkrtnutl  Tkraa  kliM—ta:  BibaonpU  mlkF.I,  ■a,  /.  aad  U  tdm  to  tinaad  —  iratl  »pa—  StacMcapu  1,  lf«'  oaapaa  I) 

Mb  +  k»*XA(*  -  |pi>  (lit  S  m  Maa  »;  *  -  »■  mllaa  ana) 

r 

Saha  tnlaqaaliw  tar  p,  tbn  aaaaad  aqaatira  far  Fitaanlot  far  Mu  Mu  aad  Mu  M  bp  Comaln  tor  Can  It 

tea  Can  It  turpi  Uad  ■  W 

Mdriam 

-  1  -.BA 

Maa  firal  aqaatiw  far  p,  tlua  aaaaad  aqaatwa  far  P;  thw  aal.a  1  «  Max  M  bp  fatauba.  far  Can  It 

far**lp  +  MMp*  -  **•  (Har  t  -  blax  t;  A  -  non  nill.a  ana) 

Mra  tnl  aqoatfaa  far  p,  Ihn  aaeond  aquatfar  far  Pi  tba  aoira  far  Jfi,  Mu  ami  Mu  M  bp  (irauht  far  Can  t 

8mm  at  Can  It  anal  haan  a  pirhadp 
•udbfa Uko  a oUiiiMi  mm*  an  mural 
faeptkl 

**“  *  '  1  (>5!l)*  iHan  4  **  <naMMlfaa  ana) 
p  1  *t 

F  i  Hi, 

Bam  at  Can  M  taaapl  load  ia  IT  tana 
IraPad  at  aaefar 

p  \  L  r 

r — ■*— - i 

an  #  M»  i  ^  |  j~  (lit  it  -  taaaaalMMMaa) 

F-iVaatP 

For  any  condition  of  loading 

r  P  .  M 

fmax"  A  ±  Z  (M14.9.2.1 

whore 

f  max  “  n'u^num  atroao  in  the  extreme  fiber,  pel 
P  -  axial  load,  lbf 

A  ■  croaa-eectk>nal  area  of  the  beam,  in^ 

M  -  maximum  bending  moment  due  to  the  com¬ 
bined  effect  of  the  axial  and  transverse  loads, 
in-lb# 


q 

Z  -  I/y  -  section  modulus,  in 


Th*  plus  sign  is  used  for  the  fibers  in  which  the  direct  stress 
P/A  and  the  bending  stress  M/Z  are  alike  (comprea^on- 
compression,  tension-tension).  The  minus  sign  applies  to 
fibers  in  which  direct  and  bending  stresses  are  not  alike.  M 
in  Equation  (14.9.2a)  is  given  with  sufficient  accuracy  by 
the  following  equation: 


1  ±  (KPL2)  ,Eq  14  ®-2to* 

El 
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whir* 

M  ‘thi  maximum  momant  in  baam  whan  P  ia  re¬ 
moved,  in-lhf 

K  *  t  constant  da  pandits  for  its  value  upon  tha 
loading  and  and  condition*  for  the  baam  in 
queation 

P  »  axial  load,  Ibj 
L  *  length  of  the  beam,  in. 

E  •  modulua  of  elasticity .  pai 

I  -  momant  of  inertia  of  tha  section  about  the  central 
avia  normal  to  thaplana  of  banding,  in'* 

Whan  P  is  tension,  use  a  plus  sign  in  tha  denominator  of 
Equation  (14.9.2b),  and  whan  P  is  compression,  use  a 
minus  sign. 

Values  of  the  constant  K  are  jlvan  in  Table  14.9.2b. 

Approximate  equations  for  calculating  the  maximum  bend¬ 
ing  moment,  slope,  and  deflection  of  beams  subjected  to 
simultaneous  axial  and  transverse  loads  for  several  case*  are 
given  in  Table  14  9  2c  as  reproduced  from  Refer¬ 
ence  73-246.  The  error  in  these  equrticn*  is  leas  than  1 
percent  when  Q  does  not  exceed  the  value  given  as  tlie 
P-limit,  Q  »  PLJ/EL 


T stole  14.9.2b.  Vetoes  ot  Constant  “K"  in  Equation  14.9.2b 
(Adapted  witti  permission  from  Rmftrtnr.n  618-1. 
"Handbook  ot  Formulas  for  Stress  end  Strain. " 
tV.  Griffei.  Fradtrick  Unger  Pub.  Company.  19W> 

Cantilever,  end  load  K  ■  1/3 

Cantilever,  uniform  load  K  -  1/4 

End  support*,  center  load  K  -  1/12 

End  supports,  uniform  load  K  »  6/48 

Equal  and  opposite  end  couples  K  -  1/2 

Fixed  ends,  center  load  K  *  1/24 

K  -  1/32  (for  end 
moments) 

Fixed  ends,  uniform  load  K  “  1/16  (for  cen¬ 

ter  momenta) 


14.9.3  Baam  Deflection  Due  To  Shear 

The  deflection  of  beams  due  to  bending  alone  as  discussed 
in  Sub-Topic  14.9.1  ignores  the  deflection  due  to  shear 
liecause  it  is  negligible  in  most  instances.  Ia  many  applica¬ 
tions  wherein  beam  theory  is  used  to  calculate  deflection* 
ot  fluid  component  elements  (such  as  flange  or  a  valve  seat 
support)  the  beam  is  short  relative  to  its  depth.  In  such 
beams  the  shear  stresa  may  be  high  with  corresponuingly 
high  sheer  deflection;  to  neglect  shear  deflection  in  theee 
instances  may  lead  to  appreciable  error  Reference  1-315 
includes  the  following  information  which  wiil  assist  the 
designer  in  determining  deflection  due  to  shear. 


Two  types  of  bs^ma  are  considered;  cantilever  beams  and 
simply-supported  beams,  each  with  a  concentrated  load  or 
with  a  uniformly  distributed  load  (Table  14.9.1.1,  cease  1, 
3,  11,  and  13).  Three  types  of  cross  sections  are  treated: 
rectangular,  round,  and  thln-wallei  round.  Maximum  de¬ 
flection  for  each  type  of  loading  ia  given  in  Table  14.9.3. 
The  first  tenm  in  the  equation  ia  the  deflection  due  to 
bending,  and  the  deflection  due  to  shear  ia  expressed  by  tha 
remaining  quantity  For  example,  for  a  cantilever  beam 
with  concentrated  end  load,  the  bending  deflection  ia 
PL-’/SEI  and  tha  shear  deflection  ia 


(Eq  14.9.3a) 


TaNe  14.4.'  Caam  Shear  Deflection  Equations 

(Auepted  with  permission  from 
Reference  1-316.  "Machine  Design. " 

9  February  1966.  vr*  38.  no.  19.  H.  H.  Mebie) 


Beam  Type 

Load  Type 

Deflection,  6 

Cantilever 

Coirientrated 
at  end 

Cantilever 

Uniform 

£[**«§©’] 

Simply 

supported 

Concentrated 
at  center 

STH  ['  *  K  1(f)  ] 

Simply 

supported 

Un’i'orm 

*&[«  ♦«!$’] 

Note:  K  is  a  form  factor  depending  upon  shape  of  cross  sec¬ 
tion  snd  type  of  loading 


Four  series  of  curves,  one  for  each  type  of  loading,  are 
presented  in  Figures  14.9.3",  b,  c  a  .id  d  from  which  one  can 
easily  determine  deflection  due  only  to  shear.  The  ratio 
K/G.  takers  a*  2.6,  is  an  average  value  suitable  for  moat 
metals.  The  influence  of  E/O  may  be  evaluated  from 
Figure  14.9.3e  wherein  the  deflection  factor  is  commuted 
for  rectangular  cross-section  beams  (K  -  3/10)  for  various 
valucc  of  E;Q. 

Example:  Given  a  cantilever  beam  of  rectangular  xom 
section  with  d It  *-0.5  and  with  a  concentrat  a  load  at  the 
end,  find  the  propo.tionnte  amount  of  total  deflection 
which  is  due  to  shear. 

Solution:  For  a  rectangular  section  (K  *  3/10)  the  shear 
deflection  factor  from  Figure  14.9.3a  is 

K  (|)  (jj  =  0.i95.  (Eq  14.9.3b) 
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Tcfeft*  141.3^  A^wwimKi  MmHoim  far  Bmm  Uneftsr  CiwfciMi  AmI«  m yJ  Tnmmw  li»A 
f  \dkfitnd  with  fifth  imion  from  Rtffoc*  73-246,  "Dmtgn  Nmtm, 00 13  Mfiy  1994,  tol.  19, 

no  10 l  S.  Krwviti) 
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Figure  14.9.3a.  Beam  Deflection  Qua  to  Shear;  Cantdaaer  w*th 
Concentrated  End  Load 

I  Ad*)  tad  with  permission  from  Rafaraota  1-315.  “Machina 
Design/  9  Ftbmary  1956.  voi.  28.  no.  3.  H.  H.  Mabial 


From  Table  14.9.3  the  total  deflection  of  the  baam  is 

IM?’’ 

5  ~T,  (1  MU95)  (*«,  14.9.3d 

.Jhl 

Thua,  neglecting  the  (hear  deflection  would  reault  in  an 
error  of  approximately  20  percent. 


*•«=.  NO  C(JLlk 

PAGE  NO. _ 

REDUCE  TO  JTJ  % 


Figure  14.9.3b.  Beam  Deflation  Due  to  9Kaar;  Cantilever  with 
Uniform  Load 

lAtUptad  with  pa  mission  from  Rafaranca  1-315.  "Machine 
Design'/  9  Fabruary  1956,  trof.  28.  no.  3.  H  H.  Mabia) 
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DEPTH-LENGTH  «ATIO,  -4 


Figure  14.tt.3e.  Bum  Daftaetion  Du*  to  Shaer  Simply  Supportad 
Baam  with  Con— wtratad  Cantor  Load 
iAdaptad  with  parmMon  from  Raforanca  1-315,  "Machina 
nation"  9  FoOnutry  1956,  vol.  28,  no.  3.  H.  H.  ktabia 1 


Figure  14.9.3d.  Bonn  Daft:  ctton  Dua  to  Shaar;  Simply  Supportad 
Ban  with  Uniform  Load 

(Adaptad  with  parmlrtion  from  Rtfaranca  1-315,  "Machina 
Oatlgn "  9  Fabruary  1955,  vol.  28.  no.  3.  H.  H.  Uabta) 
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CUHVtr  BEAMS 
RIGID  FRAMES 


BEAMS 


U,|0 

M 


14.9.4  Dirvad  Baamc 

Curved  beams  are  not  often  encountered  in  fluid  com¬ 
ponents,  and  therefore  tha  mh|Mi  (a  not  oonrtd  in  detail 
in  this  section.  For  apacUl  requirenwnta,  Hrbrmn  461*2 
covan  thrityflve  cmh  of  loading  in  plana  of  curvatur*  for 
circular  ring*  and  arehaa.  Refer*  noe  19-177  covan  21 
■imilar  caaaa  and,  in  addition,  oovete  7  naaaa  of  tranivetaely 
loaded  circular  ring)  and  partial  ring*.  Parhapa  tha  moat 
comprehensive  traatmant  of  curvad  beam*  may  ba  found  in 
Bteka’s  meant  text  Design  of  Curvad  Member*  for 
Machinaa  (Rafaranoa  744-1),  devoted  axdurivaly  to  thia 
subject. 


14.9.6  RnactkM  Formula*  for  Rigid  Frama* 

By  suporpoaition,  tha  beam  formula*  in  Table  14.6.1.1  can 
be  made  to  apply  to  combination)  of  baanw.  auch  u  rigid 
frames.  Tha  formulae  in  Table  14.9.6  have  bean  derived  in 
that  way  (Reference  461-2). 


rifura  f  4,9.  am.  C!w>  tsr  fissisogntar  Beams  with 

TrwvwteMww 

(AdafltaV  with  parmution  /ram  Rafaranca  598- 1,  "Cngi- 
rvtanng  Dttign"  J.  H.  Faupa1.  Willy  Company,  1964) 
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TriU*  14.11  Wmiww  Powwln  tar  RlfM  Pnmn 
fAOmircd  wrrfi  pci.-nOmtm  /mm  Hafunrnca  491-2. 
"Formula*  for  Strum  tod  Strain,  H.  J  Horn*. 
McGraw-Hill  Book  Company,  Inc..  >96l 4/ 
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14.10  FLAT  PLATES 

14.10.1  GRAPHICAL  DATA  FOR  STRESSES  AND 
DEFLECTIONS  IN  FLAT  PLATES 

14.10.1.1  Strew  and  Deflection  Formulae  for 
Flat  Rectangular  Platen 

14.10.1.2  Strata  and  Deflection  Formulae  for 
Flat  Circular  Piste* 

M.10.2  SLOPE  FOR  CIRCULAR  PLATES 

14.19.3  LARGE  DEFLECTIONS  OF  CIRCULAR  PLATES 
WITHOUT  HOLES  (REFERENCE  6181) 


14.10  FLAT  PLATES 

The  analysis  of  stresses,  deflection*,  and  slopes  in  flat  plates 
in  relatively  complex.  The  graphical  presentation  of  strew 
and  deflection  p!atc  solution*  and  a  cimpie  tabular  tech¬ 
nique  for  determining  dope  of  circular  pLtea  have  been 
adapted  with  permission  from  Or-'  ‘el’s  Handbook  of 
Formulas  for  Sires*  and  Strain  (Reference  618-1)  to  pro¬ 
vide  an  expeditious  means  of  solving  a  variety  of  flat  plate 
problems.  Theft-  presentations  arc  baaed  on  several  assump¬ 
tions  which  are  describee,  bdow.  The  designer  requiring 
mop  cornpi  ?hen*ive  equations,  including  the  effect  of 
Poixxm’s  ratio,  is  referred  to  Reference  461-2.  Where 
numerous  calculations  must  be  performed,  the  designer 
might  well  be  interested  :n  the  comprehensive  series  of 
nomog.dphs  by  H.A  Magnus  which  were  published  over  a 
period  of  months  in  Design  Sews  during  1957  and  included 
in  the  19u8  Design  L'vta  Manual  by  the  same  publisher, 
Rogers  Publishing  Company,  Inglewood,  Colorado.  Refer¬ 
ence  618-1  also  contains  a  detniled  discussion  of  the  effect 
of  Poisson's  rat.o  on  stresses  in  flat  plates,  as  well  as  stress 
and  deflection  data  on  annular  plates  of  linearly  varying 
thickness. 

14.10.1  Graphical  Data  for  Stresses  and  Deflec¬ 
tions  in  Flat  Plates 

Stress  and  dc  flection  coefficients  for  rectangular  and 
circular  plates  tmd3r  27  types  of  loading  and  edge  condi¬ 
tions  and  fii  a  .vide  range  of  plate  dimensions  ere  presented 
in  Detailed  Tonic  14. 10  l.l  and  14.10.1.2.  Hie  following 
assi-mptions  hpp'y  to  these  data: 

1)  The  plate  is  flat,  oi  uniform  thickness,  not  more  than 
ooe-.ir.arter  c."  the  smallest  transverse  dime  tvs  jii 

2)  Maximum  deflection  is  no  more  than  one-half  the  plate 
thickness 

3)  Force  ’.oa<:-  are  normal  to  the  p'ane-  of  the  plate 

4)  The  plats  not  stressed  beyond  the  clastic  limit  at  any 
point. 

In  all  cases,  Poisson's  ratio  was  taken  as  0.3,  a  value  used 
for  steel.  A  considerable  change  of  this  value  will  only 
slightly  chcng'  the  stress  and  deflection.  As  the  thickness 
of  plate  is  smell,  the  additional  deflection  due  to  shear  is 
negligible. 

14  10.1.1  STRESS  AND  DEFLECTION  FORMULAE 
FOR  FLAT  RECTANGULAR  PLATES.  Table  14.10.1.1 
contains  stress  aim  deflection  formulae  for  flat  rectangular 
pl.ites,  utvi/.ing  the  following  equations: 


f- 

f  - 

y 


Cwl.a 


Kwl.4 

Kt3 


for  cases  I  It*  IS  (Eq  14.10.1  1st 


for  rust'  14  (Eq  14.10.1. 1b) 


for  cases  1  to  13  l^q  14.10.1.1a 


where 


f  -  maximum  unit  stress  at  surface  oi  plate,  psi 

C  -  stress  loading-support  factor  for  octangular 
plates,  dimensionless  (see  Figures  14.10.1.1a 
and  b. 


Table  14.10.1.1.  Stress  and  Dstlsction  of  Rectangular  Plates 
(Advened  with  permission  from  Reference  618-1. 
"Handbook  of  Formulas  for  Stress  ~nd  Strain, " 

Ht.  Grifiel.  Frederick  Unger  Fuo.  Company,  1966) 
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FIGURES  14  10. 1 .  la, d  e 

14  10  1 

14.10.1  1 
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CONSTANT  C  FO*  St8£SS{S 


FIAT  PLATES 


RECTANGULAR  PLATES 


C  J4  “  see  Figures  14.10.1.1c,  c?,  and  e 
w  *  unit  applied  load,  p«i 
L  -  length,  in.  (tee  Table  14.10.1.1) 
t  »  plate  thickness,  In. 

a,,b  "plate  dimensions,  in.  (aee  Table  14.10.1.1, 
1  1  caae  14) 

y  -  vertical  deflection,  in. 

K  *  deflection  loading-support  factor  for  rec¬ 
tangular  plates,  dimensionless  (see  Fig¬ 
ures  14.10.1.1a  and  b) 

E  "  modulus  of  elasticity,  psi 


0  12  3  4  0  1  3  3  4 


o-b  o  b 


Fipure  14.1G.1.1».  Stress  Constants  for  Rectuie'ilar  Pistes 
(Adapted  with  permission  from  Reference  618-1.  “Handbook 
o.  formulas  for  Stress  and  Strain "  *V.  Griff*!. 
Frederick.  Ungc'  Publisi'ing  Company.  19C6) 


Example:  Find  the  maximum  deflection  an-  maximum 
stress  in  a  rectangular  plate  simply  supported  along  its  four 
edges  and  with  a  unifownly  distributed  load  w  *  6  psi  over 
the  entire  surface  of  the  plate.  The  dimensions  of  the  plate 
are  s  ■  50  inches,  b  -  36  inches,  t  *  1/2  inch.  Modulus 
of  elasticity,  E  -  30  x  10®  psi. 

Solution:  The  loading  and  edge  conditions  correspond  to 
those  of  Table  14.10.1.1,  case  7.  Therefore  for  a/b  •  1.39 
we  find  from  the  curves  of  Figures  14.10.1.1s  and  b  that 
O?  *  0.43  and  =  0.079.  Also,  from  Table  14.10.1.1, 
L  ”  b.  Substituting  these  numbers  into  Equations 
(14.10.1.1a)  and  (14.10.1.1c)  the  maximum  str  js  and 
deflection  are: 


(•  <>-4()  \  ()  ,\  IU.)2 

(I/-)2 


1 4. OHO  ji»i 


0.070  \  6  \  4b4 
30  \  iO6  x  (1/2)3 


0.200  iii. 


Figure  14.10.1.1b.  Deflection  Constants  for  Rectangular  Plates 
f Adapted  with  permission  from  Reference  618-1.  " Handbook  of 
Formulas  for  Stress  and  Strain"  W.  Griffel.  FredeiJnk 
Unger  Publishing  Company,  1966 ) 


Figure  14.10.1.1c.  Straits  Constants  for  Rectangular  Plates-P*rtiol 
Uniform  coed  (s=b) 

(Adapted  with  permission  from  Reference  618-1,  "Handbook  of 
Formulas  for  Stress  and  Strain"  W.  Griffel,  Frederick 
Ungar  Publishing  Company,  1966) 
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Fiaur*  14.10.1.1a.  Stow*  Constanta  for  Rectangular  Plataa-Portial 
Uniform  Load  la*2b) 

lAcfaptaa  w/f/>  permission  from  Refa.ence  618-1.  "Handbook  of 
Formulas  for  Stress  and  Strain’’  IV.  Griffal.  Frederick 
Ungar  Publishing  Company.  1966) 


Figure  14.10.1. Id.  Straw  Constanta  for  Rectangular  fitas-Portiai 
Uniform  Lond  Irl.tbl 

i Adapted  \aith  permission  from  Reference  618-1,  "Handbook  of 
Formulas  for  Stress  and  Strain"  W.  Griffal,  Frederick 
Ungar  Publishing  Company,  1966) 

14.10.1.2  STRESS  AND  DEFLECTION  FORMULAS 
FOR  FLAT  CIRCULAR  PLATES.  Table  14.10.1.2  cos.- 
tain*  stress  and  deflection  formulae  fcr  flat  circular  platea, 
utilizing  the  following  equation*: 


_  j?WRa 
KI1 


(fcq  14.10.V2o) 


(Eq  14.10  1.2b) 


where: 

f  -  maximum  unit  stress  at  surface  of  plate,  psi 

X  *  stress  loading  support  factor  for  circular  plates, 
dimensionless  (see  Figures  14.10.1.2a,  b,  c,  and  d) 

W  "  total  applied  load,  lbf 

t  *  plate  thickness,  in. 
y  ”  vertical  deflection,  in. 

0  “  deflection  loading-support  factor  for  circular  plater 
dimensionless  (see  Figures  14.10.1.2a,  b, -c,  <mdd) 

R  ”  outside  radius  of  plate,  in. 

E  *  modulus  of  elasticity,  psi 
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Table  14.10.1.2.  ft,  ms  and  Deflection  ef  Ctmtar  Wats* 

(Adapted  with  pm  mission  from  Reference  618- 1. 
“Handbook  of  Fon wits  for  Strom  and  Strain. " 

W.  Cri4fai,  Frederick  Ungar  tvb.  Company.  19661 
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Example:  Find  the  maximum  deflection  and  maximum 
strew  in  a  circular  plate  aimply  supported  along  the  edge 
and  with  a  uniformly  distributed  load  w*3p»i  over  the 
entire  surface  of  the  plate.  The  dimensions  of  the  plate  and 
Young**  modulus  are;  R  -  10  inches,  t”  0.2  inch, 
E  ■  30  x  10®  psi. 


RATIO  — 

r 


OUTSIDE  RADIUS 

Inside  rAdius 


Solution:  The  loading  »dge  conditions  correspond  to  those 
of  Table  14.10.1.2,  easel,  where  £-06,  X  -  Xe, 
W  -  wffR2  -  942  pounds.  Since  R/r  -  1  (lo»d  uniformly 
distributed  over  entire  surface  of  the  plate)  the  curves  of 
Figures  14.10.1.2a  and  c  show  that  06  “  0.210  and 
\b  -  0.40.  Substituting  these  numbers  into  Equations 
(14.10.1.2a)  and  (14.10.1.2b),  the  maximum  stress  and 
deflection  are; 


0.40  x  942 

(0.2)' 


-  9,400  psi 


Figure  14.10.1.2a.  Deflection  Constants  for  Circular  Plates  Cases  1 
to  7 

lAdaptad  with  permission  from  Reference  618-1.  “ Handbook  of 
Formulas  for  Stress  and  Strain "  W  Griffel,  Frederick 
Unger  Publishing  Company,  1966) 


14.10.2  Slope  for  Circular  Plates 

The  slope  for  circular  plates  can  be  easily  determined  by 
using  the  load  support  factors  given  in  Tables  14.10.2a,  b,  c 
and  d  in  conjunction  with  the  following  equations: 


0.21  X  942  xjj)  =0  ()82in 
3Cx  106:;(0.2)3 


(Eq  14.10.2a) 


'SS'JED  NOVEMBER  190B 


14.10.1  -4 

14.10.2  1 


to  13 

(Adapted  with  permission  from  Reference  618-1  " Handbook  of 
Formula*  for  Strait  and  Strain''  W.  Qriffat,  Frederick 
Ungat  Publishing  Company.  !9tS) 
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Figur*  14.10.1.2c.  Sum  Constant*  Cor  Circula  Plata*  Casas  1 
to  6 

I  Adapted  with  permission  from  Reference  618-1,  "Handbook  of 
Formulas  for  Stress  and  Strain"  Mr',  Giiffel,  Frederick 
Unger  Publishing  Company.  1P66) 


Figure  14. 10.1.24.  &tr*e*  Constants  for  Circular  Pfataa  Caaa*  7 
to  13 

(Adapted  with  permission  from  Reference  618-1.  "Handbook  of 
Formulas  for  Strata  and  Strain"  W.  Griffel,  Frederick 
Unger  Publishing  Company.  1966) 

('j  Ilia 

0  =  - — ’  (Eq  14.10.2b) 

Li 

when 

0  -  slope  of  plate  measured  Crom  horizontal,  radisns 
C  ■  loading-support  factor  (Table  14.10. 2a  and  bl 
C,  =  loading-support  factor  (Table  14.10.2c  and  d) 

W  “  total  applied  load,  lbf 

a  *  outside  radius  of  plate,  in. 

E  »  modulus  of  elasticity ,  pa! 
t  »  plate  thickneM,  in. 

M  »  end  moment,  in-lb 

By  superposition  the  load  factors  may  be  made  to  cover  a 
wide  variety  of  loadings  not  specifically  considered  Equa¬ 
tion  (14.t0.2a)  solves  for  slopes  of  plates  loaded  with  a 
total  load,  W,  and  Equation  (14.10.2b)  solves  for  slopes  of 
plates  with  end  moments  In  cases  where  a  plate  is  loaded 
with  a  uniformiy  distributed  load  w  (psi),  compute  the 
total  load  as  W  -  ante2  or  W  *  wrr(aJ  —  bJ ).  The  C  and  C  i 
factors  in  the  table"  are  based  on  a  Poisson’s  ratio  of  0.3,  a 
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Trlh  14.10.7a  Ltad  Support  Futon  for  Circular  Plata*  (Caaaa  1  to  8) 
(Adapted  with  oarmiuion  from  Rafaranca  618 ■  1,  "Handbook  of 
Formulae  for  Si and  Strain , "  fV.  Griffal,  *radartck  (Jngar  Pub. 
Company,  1966) 
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Table  14.10.2b.  Load  Support  Factor*  for  Circular  Plata*  (Cam*  9  and  10) 

(A  dap  tad  with  permission  from  Rafaranca  618-1,  " Handbook  of 
Formulas  for  Stress  and  Strain."  A/.  Griff  a,.  Frederick  Ungar  Pub. 
Company,  1966) 
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Tab*  14  10. fe.  Lon*  Support  Factor*  for  Circular  P1«*aa  ICaaaa  11  to  14) 
lAdai-tad  unth  parmtaaion  from  Raturanca  618- 1.  "Ha.tdbook  of 
cormula*  for  Strut  and  Strain. "  \N.  Gnftal.  Fradari eft  Ung*>  F’rt 
Cempany,  19661 
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Table  14. 10. 2d.  Load  Support  Factor*  for  Circular  Plat**  (Cam  IS  to  17) 
(Adnptad  with  parmiuion  f.om  Rafaranca  618-1.  "Handbook  of 
Fornwlaa  for  St<  ■  tt  and  Stra.n,"  W.  Griffai,  F  radar  ick  Ungar  Pub. 
Company.  19661 
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value  generally  used  for  steel  and  alv.ninv  m  For  other 
values,  however,  there  will  be  little  change  in  slope,  The 
assumptions  listed  in  Detailed  Topic  It.  10.4.)  apply  her  ■ 
also. 

Example  i:  A  circular,  aluminum  plate  20  inches  m  diame¬ 
ter  and  0.12-inch  thick  ha'  a  concentric  hole  4  inches  in 
diameter.  The  plrt;  >s  fixed  and  supported  along  the  outer 
edge  and  loaded  with  a  uniformly  distributed  load  of  3  psi 
over  the  entire  surface.  Determine  the  slope. 

Solution:  The  plate  parameters  are  a  10  inches,  b  = 
2  inches,  t“  0.12  inch,  E=*10xl06psi  w  »  3  psi  and 
ayb  “  1 0/2  ■*  5.  From  Table  14.  0.2a,  cas.4,  C  =  0.089. 
The  'otal  load  or.  the  plate  is  Vi  wir(a-’  b2)  = 
1)04  pounds.  Incorporating  these  valuer  into  F  ation 
1 1  1.10.2a): 


ft 


(o.ow>)  («m>(iu) 


-  0.05  r  idiuns 


(10  x  1(f)  (0.12)'' 


Example  2:  A  circular,  solid  steel  plate  20  inches  in 
Jiameter  and  0.20-inch  thick  has  no  supports.  A  uniform 
edge  moment  of  12.45  in-lb  per  inch  is  applied.  Find  the 
slope  of  the  piate. 


Solution:  The  piste  parameters  are  a  »  10  inches,  t=  0.20 
inch.  E  »  30  x  10®  ps<  and  M  -  12.45  in-lb  per  inch.  This 
plate  corresponds  to  case  15  in  Table  14.10.2d  for  which 
the  load  support  factor  is  8.  Using  Equation  (14.10.2b): 


0 


(U)  (12.45)  (10) 
(50  x  1(f)  (0.20)3 


0.004  radians 
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14.10.3  Large  Deflection#  of  Citcultr  Plates  With¬ 
out  Holes  (Reference  618-1) 

W  kii  the  deflection  become*  larger  thr.i  about  half  the 
thickness,  the  atreiae*  of  the  middle  surface  cannot  be 
ignored.  These  stresses  enable  the  plate  to  carry  part  of  the 
load  as  a  diaphragm  in  direct  tenson.  Under  such  condi 
tions,  the  plate  is  stiffer  than  indicated  by  ordinary  theory. 
Stresses  for  a  given  lose  are  less,  and  stresses  for  a  given 
deflection  are  generally  greater  then  the  ordinal y  theory 
indicates. 

Consider  a  circular  plat*  whose  edge  is  clamped  so  that 
rotatt , and  radial  displacement  are  prevented  at  the  edge. 
The  plate  is  uniformly  loaded  to  the  extent  that  the 
maximum  deflection  is  large  relative  to  the  thicknesa  of  the 
plate.  The  radial  membrane  stress  at  tl.e  edge  ia  due  to  the 
tensile  forces  which  mast  be  applied  radially  to  prevent 
edge  displacement.  The  deflection  i*  not  a  linear  function 
of  the  load. 

The  deflection  of  the  circular  plate  can  be  d  jtermined  from 
Figure  14.10.3a.  The  stresses  at  the  edge  and  center  of  the 
plate  can  be  obtained  from  Figure  14.10.3b.  It  will  be 
noted  that  the  dimensionless  ordinates  and  absciaaas  in 
Figures  14.10.3a  and  b  make  it  possible  to  use  the  curves 
for  platen  of  many  dimension*  provided  that  other  rendi¬ 
tion*  are  the  same. 


10  11  12  13 


LOAD  wr4/Eh4 


Figure  14.10.3*.  Large  Deflection  of  Circulsr  “let*  with  Edge 
Clamped 

lAdtpted  with  permission  from  Reference  618-1,  "Handbook  of 
Formulas  for  Stress  end  Strain,"  1/  Grifte>,  Frederick 
Unger  Publishing  Company,  JSSSi 
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Figure  14.10.3b.  Edge/Center  strums*  in  Circular  Plat*  with 
Edge  Clamped 

(Adapted  with  permission  from  Reference  618- 1,  "Handbook  of 
Formulas  for  Stress  and  Strain','  W.  Griffal,  Frederick 
Ungar  PubH-hing  Company,  1966 ) 


Bending  stresses: 

f  2 

Edge:  — ■  =  5.85; -  17,550  psi 

El 

r  2 

Outer:  —  =  2.57;  f  =  7,710  psi 
Et2 


Membrane  stresses: 


It  can  be  seen  from  Figure  14.10.3a  that  variations  in 
Poiaaon’s  ratio  have  very  little  effect  on  the  behavior  of 
plates. 

Example:  Given  a  plate  of  thickness  t »  0.02  inch,  nid  us 
r  »  2  inches,  and  load  w  “  3  psi.  Let  E  »  30  x  10®  psi  and 
let  fi  *  0.3.  Detetmine  the  deflection  of  the  plate  and  find 
the  bending  and  membrane  stresses  at  the  edge  and  at  the 
center  of  the  plate. 

Solution:  From  Figure  14.10.3a  for  wr4/Et4  ■*  10  and 
p  ™  0.3  we  obtain  y/t  °  1.066;  y  »  (1.066) 
(0  02)  *  0.021 1  inch.  The  stresses  are  determined  from 
Figure  14.10.3b  as  followr: 


Edge:  —  -  0.56;  f  =  1,680  psi 
Et 


Center:  — -  -  1.07;  f  =  3,210  psi 
Et2 

Faupel  (Reference  698-1)  presents  deflection  load  curves 
similar  to  Figure  14.10.3s  for  simply-supported  and 
vertically-restrained  circular  plates  ds  well  as  fixed-edge 
circular  plates.  These  are  reproduced  here,  by  permission,  as 
Figures  14.10.3c,  d,  and  e.  Note  the  similarity  between 
Figures  14. 10.3a  and  e. 
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Figure  14.10.3a.  Large  Elastic  Deflection*  of  StancMv  Eogportod 

Circular  Pie** 

(Adapted  with  frrmiu/o.'  frnm  Rtfersoc*  598-1.  "Engineering 
Ornmn!’  J.  H.  Emm*.  1*1 K*v  Comoanv.  M*4l 


Figure  14.10.3d.  Large  Elaetic  Deflection*  of  Circular  Plans  with 
tdge  Restrained  in  Vertical  Plana 
I  Adapted  with  permission  from  Reference  598- 1.  "Engineering 
Design ’’  J.  H.  F impel.  Wiley  Company.  1SS4I 
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Figuia  I4.10.3e.  Large  E lactic  Deflection*  of  Circular  Plata  with 
Fiaed  Edge 

(Adapted  with  permission  from  Reference  850- 1.  "Spring  Design 
ond  Application"  N.  P.  Chironis,  McGraw-Hill  Book  Company. 
Inc..  19611 
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14  11  FLEXURES 

IUf«nnc«  650*1  contain*  u,  •*.-  lisnt  treatment  of  flexure 
plates  by  A.  Q.  Thorps  II  Wastinghouas  Rlocti  ic 
Corporation.  Much  of  tha  following  discussion  of  force 
deflection  leiationahipe  is  adapted  from  thU  reference. 
Design  date  on  a  variety  of  simpl  -  and  complex  flexure* 
may  be  found  in  Reference  1411. 

An  arrangement  that  permit*  a  atructurw  to  move  freely  in 
one  direction  la  ahown  schematically  in  Figure  14.11a.  In 
thia  deeign,  the  pivots  are  loaded  in  compreeslon.  The  upper 
member  ia  free  to  move  in  the  horixonta!  direction  through 
a  limited  distance  dependent  upon  a  trees  condition*  in  the 
pivots.  To  hold  the  structure  in  the  deflected  position,  a 
transverse  force  2Q  is  required.  The  magnitude  end  direc¬ 
tion  of  the  force  2Q  depends  upon  the  load  2P  and  the 
stiffness  of  the  flexure  pivots  under  column  loading. 


LOAD 

2P 


Figure  14  lie.  Support  In  which  Pivots  and  Stiff  Member*  are 
Loaded  Axially  in  Comprewion 
(Adapted  with  permission  f.vm  Reference.  650- 1,  "Spring 
Design  and  Application’/  W,  P.  Chevnls,  McGraw-Hill 
Book  Company,  Inc.,  19611 

When  the  pivots  are  relatively  flexible,  the  restraining  force 
2Q  ia  in  the  direction  indicated  in  F'gure  14.11a.  When  the 
pivots  are  relatively  stiff,  this  force  is  opposite  to  the 
direction  shown.  With  proper  design  of  the  pivots,  this 
lateral  force  may  be  made  to  vaniah,  thus  creating  a 
condition  of  neutral  stability  or  zero  restoring  forte.  Thu 
condition,  however,  can  be  achieved  only  under  a  constant 
vertical  force  which  may  not  always  be  present  in  practice. 

A  suspension  in  which  flexure  pivots  act  in  tension  rather 
than  compression  is  shown  in  Figure  1 4.11b.  This  suspen¬ 
sion  else  may  be  designed  to  have  zero  restoring  force  or 
neutral  stability  undar  a  constant  vertical  force.  Since  the 
pivots  are  in  tension,  they  do  not  buckle  as  pivot*  loaded  in 
compression  may  under  loads  exceeding  the  design  condi¬ 
tion.  (For  buckling  or  instability  criteria,  see  Detailed 
Topic  14.2.1.2.) 

The  general  configuration  of  the  arrangement  shown  in 
Figure  14.11b  sometimes  lends  itself  to  space  requirements 
that  cannot  be  satisfied  by  the  configuration  of 
Figure  14.11s. 

Where  the  variation  in  vertical  loading  is  large  and  it  is 
desirable  to  approach  as  nearly  as  possible  the  condition  of 
neutral  stability,  the  arrangement  shown  in  Figure  14  11c 


UNIDIRECTIONAL 
NEUTRAL  STABILITY 


Figure  14.11b.  Suwperston  m  which  Flexure  Pivots  we  Loaded 
Axially  in  tension  end  toe  Stiff  Members  in 
Compression 

(Adapted  with  patmlulon  from  Reference  56 O- 1,  "Spring 
Design  and  Application/  N.  h.  Chironis.  McGraw-Hill 
Book  Company,  Inc.,  ,  9611 


Figure  14.11c.  Flexure  Pivot  with  One  Tension  Member  and  One 
Compression  Member 

(Adapted  with  permission  from  Reference  650-1,  "Spring 
Design  and  Application/  N.  P.  Chiron  it,  McGrawH.il 
Book  Company,  Inc.,  1961 ) 

*iay  be  used.  With  flexure  pivots  of  negligible  spring  force 
and  for  small  deflections,  the  restoring  tendency  of  the 
upper  member  will  balance  the  overturning  tendency  of  the 
tower  member  and  the  structure  will  move  in  a  plane. 

The  configurations  shovm  in  Figures  14.11s  and  b  are 
adapted  to  the  support  of  large  heavy  structures  and 
machinery.  By  providing  “universal”  flerure  pivots,  the 
structure  can  be  made  free  to  move  in  any  direction  in  a 
plane.  Other  universal  arrangements  may  be  employed 
where  necessary  to  limit  rotation  to  acting  about  a  point. 
Where  the  loading  is  light,  a  rod  or  wire  may  be  substituted 
for  the  plates  to  provide  the  universal  feature. 

The  manner  in  which  flexure  pivots  can  be  used  in  the 
design  of  balances  and  control  linkages  to  transmit  a  force 
through  a  bell  crank  are  ahown  in  Figure  14. lid.  The  pivot 
fastened  to  the  foundation  consists  of  two  sets  of  plates: 
one  for  transmitting  the  vertical  component  of  lo.ee  and 
the  other  for  transmitting  the  horizontal  component. 
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^ifin  14.1  Id.  FUaur*  Pivot  Arranf  mant  for  Transmitting  Fete* 
Through  a  tUM  Crank 

lAcfrpteO  with  ocrmiuior  from  Reference  650- 1.  "Spring 
Design  i'd  Application','  N.  P  Cfuromt.  Mc.G'ew-HPt 
(look  Company.  Inc  ..  19611 

Where  small  spring  forcea  may  be  detrimental  to  proper 
performance,  as  in  very  sensitive  balance  systems,  a  weight 
may  be  attached  to  the  top  of  the  bell  crank  to  act  as  an 
inverted  pendulum  that  counterbalances  the  spring 
restoring  forces  of  the  flexure  pivots. 

Another  lees  common  arrangement  is  shown  in 
Figure  14. lie.  This  type  of  flexure  pivot  construction  may 
be  dic’a’ed  by  space  requirements  or  by  requirements 
imposed  by  a  movable  wall  (as  in  a  duct).  The  center  of 
rotation  of  this  pivot  lies  outside  of  the  upper  boundary  of 
the  structure.  Such  cross  spring  pivots  have  been  used  to 
advantage  in  instrument  applications,  and  wind  tunnel 
balances. 

For  small  deflections,  the  analysis  of  the  flexure  pivot  is  the 
same  as  that  for  simple  beam  columns  as  covered  by 
textbooks  in  advanced  strength  of  materials,  Hefer- 
ence  dil  l-S.  The  assumptions  made  arc  linear,  and  '.he  stiff 
member  connected  to  the  flexure  pivot  has  infinite  bending 
stiffness,  thus  alt  bending  is  required  to  tak*  place  in  the 
flexure  pivot. 


Figure  14.1  Is  Type  >i  Fto>  urs  Pivot  Construction  That  Msy  Ba 
Dictated  by  Space  Requirements  or  Those 
Imposed  By  a  Movable  Wall 

IA<f.ipt:  j  ivfO  permission  from  Reference  650-1.  Spring 
Design  .mil  Application  "  N.  P.  Ctnronis.  McGraw-Hill 
Hotik  Company.  Inc..  IJ6II 


Where  axial  forces  are  imposed  on  the  flexure  pivot,  the 
maximum  stress  in  the  flexure  pivot  is 


I 

mas 


\  z 


(iq  14.111 


where 

maximum  tensile  or  compressive  stress  in 
flexure,  pai 

axial  force,  Ibf 

cross  sectional  area  of  flexure,  in'* 
maximum  bending  moment,  in-lb 

•J 

section  modulus  of  flexure,  in' 

In  design  studies,  it  is  important  that  the  stress  be  checked 
at  the  point  of  maximum  moment.  Since  a  flexure  pivot 
acting  in  compression  can  buckle  as  a  col  nm  if  the  loads 
are  high  enough,  the  designer  should  be  careful  to  allow  an 
ample  margin  of  safety.  (See  Detailed  Topic  14.2.1.2  for 
buckling  instability  criteria.) 

If  the  flexure  pivot  it  to  ue  subjected  to  variable  bending,  it 
is  important  that  the  fatigue  strength  of  the  inateriu!  be 
taken  into  account.  The  technique*  discussed  in  Sub- 
Section  14.5,  such  as  the  modified  Goodman  diagram, 
should  be  used  to  account  for  the  effect  of  the  steady  stress 
upon  the  fatigue  limit.  Consideration  should  also  be  given 
to  the  effect  of  stress  concentration  at  tne  ends  of  the 
flexure  pivot  with  the  provision  that  ample  fillets  are  to  be 
employed. 

Fillets  at  the  ends  of  flexure  pivots  alter  sonewhat  the 
effective  length,  V.  For  fillet  radii  approximately  equal  to 
the  thickness  of  the  flexure  pivot,  a  good  rule-of-thumb  is 
to  consider  the  effective  length  to  he  the  distance  between 
fillet  centers  plus  *hc  fillet  radius  at  one  end.  For 
simplicity,  it  is  generally  preferable  to  >i»e  identical  flexure 
pivots  at  each  end  of  the  stiff  member,  thus  making  L  equal 
half  the  length  of  the  stiff  member. 

Formulae  and  equations  are  given  in  Table  14.11  for  the 
solution  of  'he  most  commoniy  used  cases.  To  simplify 
numerical  work  and  to  aid  in  visualizing  the  effects  of  the 
different  variables,  the  curves  shown  in  Figure*  14.1  If 
through  14.1  In  have  been  constructed  to  cover  a  range 
sufficient  for  most  problems  The  design  formulae  given  can 
be  used  to  obtain  increased  accuracy  or  fo'  problems 
beyond  the  range  of  the  curves. 

Note  that  m  the  formulae  in  which  the  coefficient  k 
appears  k  varies  as  the  squan  root  of  P;  therefore,  these 
formulae  are  not  linear  with  respect  to  the  axial  force  P. 
TF.s  nonlinear  relation  is  typical  for  ail  beam  column 
problems  and  complicates  the  analysis  when  the  axial  load 
is  variable,  in  which  event  care  must  be  exercised  to  make 
sure  that  the  most  severe  cordition  is  determined. 

The  most  common  form  of  flexure  pivot  is  a  plate  of 
cross  section.  When  the  plate  width  is  greater 
than  tnree  times  the  plate  length,  the  flexural  rigidity 
relation  £/(l  —  p*)  should  be  used  instead  of  E.  For 
intermediate  width-to-length  ratios,  if  additional  accuracy 
of  calculation  is  necessary,  reference  can  be  maue  to 
literature,  such  as  “The  Anticlastic  Curvature  of  Rectangu¬ 
lar  Beams  and  Plates”,  D.  G.  Aihwell,  Journal  of  the  Royal 
Aeronautical  Society,  November  1950,  pp.  708-715. 
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BASIC  EQUATIONS 


Table  14.11.  Flexure  Pivot  Equation* 

(Adapt fid  with  parmiuion  from  Haf trance  660- 1,  "Spring  Oatign  and 
Aopllcation."  N.  H.  Lniromt  (ad.),  McGraw-Hill  Book  Company,  Inc.,  19611 


CH  ■»  moment  constants 
E  **  modulus  of  elasticity,  psi 
1  *  principal  moment  of  inertia  of 
flexure  pivot  cross  section  with  re- 
spect  to  axis  of  bending,  in.4 
*  -  'j-p/TT,  in.-‘ 

/  *  length  of  flexure  pivot,  in. 

L  ■«  length  of  stiff  member,  in. 

M  «  bending  moment,  in.  lb 

P  »  axial  force,  tension  or  compression  , 
lb 

Q  ~  lateral  force,  lb 
H  -  distance  locating  center  of  rotation 
of  flexure  pivot,  in. 

x  distance  along  longitudinal  axis,  in. 
y  **  distance  along  transverse  axis,  in. 
$  «  angle  of  rotation  of  stiff  membei, 
radians 

A  =  deflection  at  end  of  stiff  member, 
in. 

p  =  Poisson’s  ratio 
/  =  tensile  or  compressive  stress  in 
pivot,  psi 

A  *=  cross  sectional  area  of  flexure 
pivot,  in.* 

Z  =  section  modulus  of  flexure  pivot, 

in* 
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Figurs  14.1  If.  C.  rt  for  Obtaining  Vaiua  of  End  Moment  Mur 
Cua  1  Whan  Pivot  and  Stiff  Mambar  ara  Both 
in  Axial  Tansion  and  a  La's'ei  Rarti  lining 
Korea  it  Provided 

(Adepted  with  permission  from  Reference  660-1  "Spring 
Design  end  Application','  N.  P.  Chironis.  McGraw-Hill 
Book  Company.  Inc..  1961) 


Figure  14. 't  lit.  Chart  for  Obtaining  Value  of  Maximum  Moment, 
Cate  2,  When  Pivot  and  Stiff  Member  are  Both  in 
Axial  Compression  and  a  Lateral  Bettraining 
Force  it  Provided 

(Adopted  with  permission  from  Reference  660- 1.  "Spring 
Design  end  Application"  N.  P.  Chironis.  McGraw-Hill 
Book  Company,  Inc.,  1961) 

Tlte  development  of  the  design  formulae  for  cases  1,  2,  3,  4, 
7  and  8  discussed  below  are  for  a  tingle  flexure  pivot  only, 
but  may  be  applied  to  the  configurations  thown  in 
Figures  14.11a,  b,  and  c  by  determining  the  length,  L,  to 
the  point  of  aero  moment  in  the  atiff  member.  Note  that  if 
the  two  flexure  pivota  at  each  end  of  the  atiff  connecting 
member,  Figurea  14.11a,  b,  and  c,  are  equ*l  in  stiffneaa  and 
length,  there  will  be  no  bending  moment  at  the  mid-point 
of  the  atiff  member. 


F inure  14. 1 1g  Chart  for  Obtaining  Value  of  End  Momant  M„, 

Ctm  2  When  Pivot  and  Stiff  Mambar  ara  Beth 
in  Axial  Compreation  and  a  Lateral  Battraining 
Force  it  Provided 

( Adapted  with  permission  from  Reference  660-1) 

In  deriving  each  equation  for  end  moment,  M(),  and 
tranaverae  force,  Q,  for  cases  1,  2,  3,  4,  7,  and  8,  the  slope 
at  the  end  of  the  flexure  pivot  joining  the  stiff  member  was 
equated  to  the  end  deflections  A  minus  the  deflection  y,  at 
the  end  of  the  flexure  pivot  divided  by  the  length  L  of  the 
stiff  member. 

Case  1:  Single  Flexure  Pivot  and  Stiff  Member  Both  in 
Axial  Tension  with  Lateral  Restraining  Forte.  This  config¬ 
uration  is  similar  to  that  of  the  upper  pivot  shown  in 
Figure  14.11c  but  with  a  lateral  restraining  force.  When 
designing  pivots  of  this  type,  the  axial  force,  P,  the 
dr-flection,  A,  and  the  lengths,  2  and  L,  are  generally  the 
prescribed  conditions.  It  is  necessary,  therefore,  to  deaign 
the  flexure  pivot  to  stay  within  safe  stress  limits  at  the 
point  of  maximum  moment,  which,  in  this  case,  is  the  end 
moment,  M<>.  The  curves  in  figure  14.111  for  Cigive  values 
of  M0/PA  for  this  case  as  a  function  of  the  variables  k,  ft, 
and  L. 
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Figure  14.11i.  Relation*  for  Cat  at  2  and  4  for  M()  equal  to  M(, 
or  That  Ftnvidt  Equal  Moment*  at  Each  End  of 
the  Ftoxure  Pivot 

I  Adapted  with  permission  from  Reference  650-1.  "Spring 
resign  and  Application','  N.  P.  Chironis.  McGraw-Hill 
Book  Company,  Inc.,  1961) 


Figure  14.1 1).  Design  Condition*  for  Caar  2  to  Produce  a  Zero  End 
Ksmant  in  the  Pivot 

(Adapted  with  pitrmlstlon  from  Rate  ranee  660-1,  “ Spring 
Design  and  Application’'  N.  P.  Chironis,  McGraw-Hill 
Book  Company.  Inc..  1991) 


■Spin 
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Case  2:  Single  Flexure  Pivot  and  Stiff  Member  Both  in 
Axial  Compression  with  Lateral  Restraining  Force.  This 
configuration  is  similar  to  that  shown  in  Figure  14.11a 
When  designing  pivots  of  this  type,  the  axial  force,  P,  die 
deflection,  A,  ard  the  lengths,  V  and  L,  are  generally  the 
prescribed  conditions.  In  this  case,  the  point  of  maximum 
moment  lies  at  the  distance  x  from  the  origin.  The  curves  in 
Figure  14.1  lg  for  Ci  giver  values  of  M„/PA  for  this  case  as 
a  function  of  the  variables  k,  V,  and  L. 

The  value  of  the  coefficient  C2max  (Mm,x  /P.1)  is  given  in 
Figure  14.11b  as  a  function  of  k,  V,  and  L,  to  facilitate 
obtaining  the  value  of  the  maximum  bending  moment 
M^x  ■  Note  that  for  values  of  kK  exceeding  approximately 
2.2,  the  maximum  bending  moment  rises  rapidly  with 
increasing  kt  and  approaches  infinity  at  values  of  ktt  slightly 
over  rr.  Since  k  it  proportional  to  the  square  root  of  P,  a 
small  increase  in  the  axial  load  will  cause  large  additional 
bendi  >g  moments  at  values  of  kt  exceeding  2.2  and  may 
lead  io  failure. 


Figure  14.11k.  Chart  for  Obtaining  Valua  of  End  Moment  Casa  4 
(Adapted  with  permission  from  Reference  660-1,  "Spring 
Design  and  App/icatip-','  hi.  P.  Chironis,  MniirawHiit 
Book  Company.  Inc.,  I960 

The  curves  of  Figure  14.111  show  the  relation  between  i/L 
and  k£  that  will  provide  equal  moments  at  each  end  of  the 
flexure  pivot.  This  criterion  for  dec.£n  should  enable  the 
designer  to  approach  a  design  of  minimum  weight  since  the 
level  of  bending  stress  will  be  nearly  consta.it  throughout 
the  length  ot'  the  flexure  pivot. 

The  curve  of  Figure  14.11J  indicates  the  relation  between 
k/L  and  k£  when  the  end  moment  for  this  case  becomes 
zero.  At  value*  of  k£  above  the  curve,  the  end  moment 
reverses,  becoming  negative;  thus,  the  flexure  pivot  will 
have  a  point  of  reverse  curvature.  It  is  good  practice  to 
avoid  values  of  kS  that  will  cause  the  end  moment  to  be 
negative  since  the  assembly  acquires  considerably  more 
flexibility  and  has  less  resistance  to  incidental  transverse 
forces. 
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Figure  14.1  II.  Chxrt  for  Obtaining  tvs  Maximum  Momant,  Care  4, 
Whan  at  tha  MitMd  Had  of  Flexure  Pivot 
(Adapted  with  perm  in  ion  ft  t.n  Reference  680-1.  "Spring 
Oettgn  end  .Application"  N.  P.  Chiron.'t,  McGraw-Hill 
Boo*  Company ,  inc. ,  19611 

Caw  3:  Single  lexur#  Pivot  with  Zero  AxUl  Fore*  and 
with  Lateral  Restraining  Force.  Tnii  configuration  ia 
similar  to  that  shown  in  Figure  If. lib,  but  the  axial  force 
in  the  flexure  pivot  ia  sero. 


Caw  4:  Single  Flexure  Pivot  in  Tension,  Stiff  Member  in 
Compression,  with  Lateral  Restraining  F  >rce.  This  config¬ 
uration  is  similar  to  that  shown  in  Figure  14.11b.  From  the 
curves  shown  in  Figure  14.11k  Cor  the  coefficient  C4,  the 
value  of  the  end  moment  for  this  case  can  be  obtained. 
Note  that  below  the  dashed  line,  values  of  C4  also 
determine  maximum  bending  moment  in  the  flexure. pivot; 
but  for  values  above  this  tine,  the  maximum  moment  occurs 
at  the  other  end.  Figure  14.111  is  constructed  for  conven¬ 
ience  in  obtaining  the  maximum  moment  in  the  flexure 
pivot  for  regions  above  the  dashed  line  of  Figure  14. lli. 
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Figure  14.11m.  Design  Relations,  Casas  /  and  8,  That  Provide 
Neutral  Stability  or  Zero  Lateral  Fores 
(Adapted  with  perm  in  ion  from  Reference  850-1.  "Spring 
Design  end  Application''  N.  P.  Chironis,  McGraw-Hill 
Book  Company,  ‘no..  1961 ) 

The  rurves  in  Figure  14. lli  give  the  relation  between  Hi L 
and  kfi  that  will  provide  equal  momenta  at  each  end  of  the 
flexure  pivot. 


Caws  3  and  6:  Flexure  Pivot  Without  Stiff  Member.  This 
configuration  is  -iruilar  to  that  ahorvn  in  Figure  14. lie. 


Caw  7:  Single  Flexure  Pivot  in  Tension,  Stiff  Member  in 
Coinpreaaion,  with  No  Lateral  Restraining  Force.  This 
configuration  is  similar  to  that  shown  in  Figure  14.11b  as 
designed  ior  neutral  stability.  The  curve  in  Figure  14.11m 
Cor  this  case  gives  the  relation  between  k,  C,  and  L  that 
provide  neutral  stability.  Note  that  M„/PA  equals  unity  ia 
the  necessary  condition  for  zero  lateral  force.  Reference 
should  be  made  to  Figure  14.111  to  obtain  the  maximum 
moment. 
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The  cur**  in  Figure  14.1  In  ftoee  the  variation  in  center*  of 
rotation  for  various  valuee  of  k8  for  thle  caee.  Note  that  as  k 
Inc  re  reel,  the  c*  star  of  rotation  movea  away  from  the  point 
of  fixity. 

Caw  8:  8‘.ngie  Flexure  Pivot  end  Stiff  Member  Both  In 
Compression,  with  No  Lateral  Reatralnlng  Foret.  This 
configuration  it  similar  to  ‘hat  shown  in  Figure  14.11a  as 
designed  for  neutral  stability.  The  curve  in  Figure  14  Tim 
for  this  caee  gives  the  relations  between  k,  8,  and  L  that 
provide  neutral  stability  Note  that  MU/PA  equals  unity  is 
the  necessary  condition  for  aero  lateral  force.  Reference 
should  be  made  to  Figure  14.11b  to  obtain  the  snax'mum 
moment  for  this  case. 

IT.  ve  in  Figure  14.1  In  gives  the  variation  in  centers  of 
rotation  for  various  velvet-  of  kV  Tor  tills  case.  Note  that  as  k 
increases,  the  center  of  rotation  movea  toward  Use  point  of 
fixity. 


Figure  14.11n.  Chart  for  Obtaining  Confer  of  Rotation,  Casas  7 
and  •.  For  Various  Design  Conditions 
tAdap’ad  with  p*>  mitt  ton  from  AiImims  660 1,  “Spring 
Octign  tnti  Application?  N.  P.  Chiron  It.  McQrtw-HM 
Book  Cnmpnny.  Inc..  19611 
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Arcs  of  craat  an  uoti 
Ratio  at  strum  amplitude  to  moan 
»tma  (St/Sm ),  fatigue 
Amplitude 
Plat*  dimension 
Hiandcnuaa  ratio  factor 
Hianlal  ratio 
Width  of  croaa  section 
Plata  dimension 
Qrcumfeietvoe 

Configuration  or  aamplng  par  am*  tar 
Correction  lector 

Stress  loading  support  factor  for  flat 
plat as 

Buckling  atraaa  roafflciant 
Moment  conatant 
Surface  factor,  fatigue 
Shear  Kickling  atraa*  coefficient 
h laity  coefficient  for  crJumna 
Distance  from  neutral  aaia  to  ealrema 
fiber 
Otameter 
Depth  or  height 

Mathematical  operator  denotir% 
dlfferenUal 

Modulua  of  alaaiicity  in  tension 
Atwraga  ratio  of  atraaa  to  itnain  for 
1 trees  below  proportion  at  limit 
Elongation 

Unit  deformation  or  (train 
Eccentricity 

Tile  minimum  distance  from  a  hole 
canter  Una  to  ttta  edge  of  ah  wet 
Et. 'active  modulua  of  alaaiicity 
Modulua  of  etae'teity  in  compression 
Amiga  ratio  of  atraaa  to  air  air  below 
proportional  limit 
Secant  modular 
Tangent  modulua 
Allowable  atraaa 
A  function  of  () 

Internal  (or  calculated)  atraaa 
Coefficient  of  friction 
Allowable  bending  (treat 
Modulua  of  rupture  iu  bending 
Internal  (or  calculated)  primary 
bending  atraaa 

Internal  (or  calculated)  ptaciea 
banding  atraaa 
Endurance  limit  in  bending 
Internal  (or  calculated)  bearing  atraaa 


in* 

dimei  wionkac 

In 

In, 

dimenalonleaa 
dimension  lem 
in. 
in. 

In 

dkmanaionleia 
dimenalonleaa 
dlt  aanaionieaa 


dimenalonleaa 
dimenaionleM 
ribnenoh  intern 
dlmentloniaea 
dimension  lam 
in. 

in. 

in. 

dimeneienleaa 


P** 

pel 

peccant 
in. /In. 
in. 

In. 


pal 

P*i 

P* 

pd 

pd 

Pd 


pai 

dimensioniam 

Pd 

P*» 

Pd 


pd 


pd 

pd 


fYMEOI 

QUANTITY 

IPMT 

Ultimate  bearing  atrena 

pd 

•'ter 

Bearing  yield  atreea 

Pd 

A 

AllowaU«  compet  *dee  ttrer  i 

Pd 

fc 

Internal  (or  calculated)  comp reeelwi 
■tma 

Pd 

•V 

i.  lowaUr  i-ru.lung  or  crippling  atrean 
(upper  Ii  nil  of  column  atieaa  for 
local  failure) 

pci 

Column  yield  •  treat  (upper  limit  of 
cpliimn  ttre«a  fer  prima  ■■  failure) 

Pd 
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Proportional  limit  in  compreeaion 

Pd 
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Allowable  i-uckling  (trees 

pd 

AU 

Ultimata  t  (impressive  atieaa 

pa* 

^cy 

(>>,rp.aaaive  yield  atreea  at  which 
oenranent  attain  aquala  0  008  (from 
teat*  of  a  tender'd  aped  me  na) 

Pd 

»d 

Diaphragm  a  tree 

P“ 

Al 

Umri  factor 

dimensionless 

F  n 

Allowable  normal  atieaa 

l*d 

f. 

Internal  (or  calculated)  normal  atreea 

Pd 

<a 

Internal  (or  calculated)  (hearing  abate 

pd 

f. 

Internal  (or  calculated)  tenailr  ataem 
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Pd 
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Pd 
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Pd 

A» 

Ultimata  atraaa  In  pure  (hear  (this  value 
rupee  awn  ta  the  average  (hearing  atieaa 
over  the  crow  (action ) 

Pd 

Ar 

Yield  ataem  in  pure  ahear 

Pd 

r, 

Allowable  tenaile  J tress 

Pd 

r. 

Thermal  atreea 

Pd 

A, 

Proportional  limit  in  tenwion 

Pd 

A* 

Ultimate  teiwil*  atieaa  (from  tenia  of 
atandard  specimens) 

Pd 

^ty 

Tenaile  yield  ataem  at  which  permanent 
strain  aquala  0.008  (from  testa  of 
atandard  aped  mens) 

pd 

P.8. 

Factor  of  safety 

dimensionless 

a 

Modulua  of  rigidity 

pai 
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Modulus  of  elasticity  in  ahear 

Pd 

h 

Height  or  depth,  especially  the  dlatanoe 
between  centroids  of  chords  of 
bea  ns  and  trusses 

in. 

I 

Moment  of  inertia 

in* 

l 

Slops  (due  to  banding)  of  neutral  plane 
of  a  beam  (1  radian  *  57.3*) 

radiana 

Ip 

Ftriar  (noantni  of  inertia 

In* 
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Tors*  "j  conatant  (-1^  for  round  tubes) 
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STRESS  SYMBOLS  AND  UN*TS 


SYMBOL 

QUANTITY 

UNIT 

SYMBOL 

QUANTITY 

UNIT 

SUBSCRIPT* 

K 

A  fonitant,  generally  >  niplrlcil 

Creep  limited  static  stress,  fatigue 

psi 

A 

Axial 

K 

Bulk  modulus 

r*i 

S. 

Fatigue  limit  (or  endurance  hmU) 

pai 

a 

Allowable 

K 

Short  cylinder  influence  coefllcient 

dimensionless 

Sf 

Fatigue  safety  factor  ■  Sn/Kf8a 

dimensionless 

b 

Bending 

K 

Deflection  loading  mppurt  factor  foi 

dimensionless 

Sm 

Mean  streaa  amplitude,  fatigue 

pal 

br 

Bearing 

rectangular  pi»iM 

Sn 

Fatigue  strength  (Sr  •*  S,  for  n  * 

P«i 

c 

Compression 

K 

Htreu  concentration  factor  (we  Kt  1 

dii.icru ,  jrleaa 

St 

Stiffness 

lbf-ln* 

cr 

Critical 

K 

Fatigue  strength  reduction  f  fpctor 

(Ic'emiionhsa 

ST 

Short  transvetae  grain  direction 

— 

a 

Euler’s  formula 

Kp 

Buckling  coefficient 

d.instisior/less 

s.. 

Ultimate  stress,  unspecified  loading, 

pai 

• 

Endurance 

Theoretical  at1'***  cm-.'  i  on 

Jirpeosionleas 

fatigue 

f 

Fillet 

factor (see  r 

V 

Yield  stress,  unspecified  loading,  fatigue  psi 

K 

Hoop 

K,. 

Theoretical  ,iv  r  si,  ass  coo.:-  itration 

dime  irless 

T 

Applied  tonlond  moment  or  torque 

In-lbf 

i 

Inner 

(actor 

T 

Transverse  grain  direction 

— 

L 

Lateral  or  Limit 

L 

Length 

in. 

'f 

Membrane  stress 

Ibf /in 

lorf 

Longi'-idhiel 

1  or  ( 

Length 

in. 

♦ 

Thickness 

in. 

m 

Mean  stress 

M 

Applied  moment  or  couple,  usual)*’  a 

in-lbf 

Ta 

Alior/sble  torsional  moment 

n-lb; 

n 

Normal 

bending  moment 

J 

Factor  of  utilisation 

dtmenalonleas 

o 

Outer 

m 

MkJS 

»>m  •  lb, 

V 

Shearing  force,  tote'  so  S) 

It, 

p 

Polar 

sec*  /in 

V 

Shear  force  per  unit  area 

p 

Proportional  limit 

M, 

Allowable  bending  T.omrnt 

in-ibf 

w 

Weight,  or  total  dietributed  load 

Ibf 

r 

Radial 

MS 

Margin  of  safety 

dimensionless 

W 

Unit  weig'-t,  unit  load 

lb. 

a 

Shear 

N 

Fati ;  iv  life  or  cydea  to  failure,  fatigue 

dimensionless 

w 

Dimension  (usually  width) 

in. 

T 

Thermal 

It 

Cycles  applied  in  fatigue  testing 

dimensionless 

X 

Value  of  an  individual  measurement 

- 

t 

Tension,  Theoretical 

n 

The  shape  parameter  for  the  sta.iriird 

dimensionless 

X 

Average  value  of  individual 

— 

u 

Ultimata 

compression  streeu-strain  curve 

m,  aeuremente 

y 

Yield 

p 

Applied  load  (total,  not  ur.it,  loud) 

lb, 

y 

Deflection  (due  to  bending)  of  elastic 

in. 

2 

Hertz 

Pressure 

psi 

curve  of  a  beam 

i\ 

Allowable  load  (columns) 

•br 

y 

Distance  from  neutral  axis  to  given 

in. 

Note  Concerning  Strata  Units 

Design  load  (maximum  expecteo  'oad) 

Ibf 

fiber 

Pm 

Limit  load 

’hr 

z 

Section  modulus,  I/y 

in3 

Streaa  la  designated  either 

Pu 

Ultimate  toad 

lb. 

z 

Curvature  parameter 

dimensionless 

as  pai  or  ksi.  There 

Py 

Yield  load 

Ibf 

h> 

Polar  fiction  modulus  -  I p/>  (for 

in3 

4 

Static  moment  of  a  cro-s  section 

in-lbf 

round  tubes) 

P«i 

-  lbf/ln* 

Q 

Lateral  force  (flexurei.) 

lb. 

a 

Coefficient  cf  thermal  expansion,  mean 

»,n/in/*F 

«» 

Notch  sensitivity  (fal'guo) 

dimensionless 

6 

Deflection 

in. 

ksi 

-  pai  x  1000 

q 

A  point 

dimensionless 

•\  A 

Deflection  (flexures) 

in. 

R 

Radius  of  cur /stare 

in. 

U 

Change  in  any  value 

same  as 

R 

Outside  rsd!  is  of  Rat  plate 

in. 

Initial  value 

R 

Distance  locating  center  of  rotatio* 

in. 

d 

Angular  deflection 

radiant 

flexure  pivot 

<> 

Notch  angle 

degrees 

R 

Stress  ratio  „/■*>„,„>,  fatigue 

dimensionless 

9 

Radius  of  gyration 

in. 

r 

Radius 

in. 

9 

Poisson’s  ratio 

dimensionless 

S 

Shear  force  (also  V) 

ibf 

Lt> 

Density 

Ib:/5n3 

s 

Nominal  strers,  fatigue 

psi 

U> 

Frequency 

radians/aoc 

s 

S  basis  for  mechanical-property  values 

sun 

Natural  frequency 

radians/sec 

s 

Alternating  stress  amplitude,  fatigue 

-wi 

* 

In  general,  denotes  an  "effective”  or 

— 

Mar.imum  stress;  highest  algebraic 

pai 

"precise"  value 

vdue  of  stress  in  the  stress  cycle 

9 

Slope  or  angle  of  rotation 

radians 

(tensile  +;  compressive  -),  fatigue 

n 

Stress  loading-support  factor  for 

dimensionless 

Minimum  -tress;  lowest  algebraic  value 

psi 

chcular  plates 

of  stress  in  the  stress  cycle  (tensile  +; 

d 

Deflection  loading-support  factor  foi 

dimensionless 

compressive  - ),  fatigue 

circular  plates 

S, 

Range  of  stress  (Sniax  -  S^n),  fatigue 

pai 
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COMPONENT  TESTING 


TESY  PURPOSE 
DVT,  QUALIFICATION  TESTS 


15.1  INTRODUCTION 

The  tuccejs  of  any  program  that  involves  hardware  ia 
dependent  on  the  accuracy  of  the  testing  accomplished  on 
the  system  and  components.  The  importance  of  testing  in  a 
fluid  component  development  program  is  reflected  in  the 
large  percentage  of  program  time  and  funding  normally 
allocated  to  testing.  This  section  of  the  handbook  discusses 
factors  influencing  the  costs  and  schedules  associated  with 
testing,  describes  the  basic  functional  and  environmental 
tests,  and  discusses  the  unique  tea.  requirement*  of  certain 
fluid  components. 


15.2  TEST  PURPOSE 

Five  basic  reasons  for  testing  a  device  or  system  are  to: 

1)  Provide  empirical  design  data 

2)  Determine  functional  capabilities 

3)  Evaluate  the  ability  to  operate  In  the  service  environ 
ment 

4)  Determine  design  limits 

E)  Determine  if  production  units  are  of  the  sune  quality  as 
qualification  units. 

The  tests  used  to  make  these  determinations  are  called: 

a)  Development  rests 

b)  Design  verification  teats 

c)  Prequnlification  tests 

d)  Qualification  teats,  airworthiness  tests 

e)  Preproduction,  pilot  model,  pilot  lot  teats 

f)  System  integration  tests 

g)  Production  acceptance  tests 

h)  Production  monitoring  tests,  quality  verification  tests 

i)  Reliability  teats 

The  extent  of  testing  is  usually  a  compromise  between  test¬ 
ing  necessary  to  assure  reliability  and  the  time,  money,  and 
facilities  available  to  conduct  that  testing.  This  tradeoff  is 
especially  difficult  to  make  in  components  to  be  utilized  in 
space  vacuum  and  zero  gravity  because  of  the  cost  asso¬ 
ciated  with  environmental  simulation. 

Similarly,  production  quantities  and  applications  signif¬ 
icantly  influence  the  relative  effort  devoted  to  various  test¬ 
ing  categories.  For  example,  a  pressure  regulator  for  a 
single-mission  deep-space  probe,  such  as  a  Mariner  space¬ 
craft,  may  have  to  be  as  reliable  as  a  compare  ble  regulator 
mass-produced  for  aircraft  application.  Numerous  samples 
of  the  aircraft  regulator  will  be  subjected  to  virtually  all  of 
the  tests  listed  aboye,  with  the  result  that  the  units  actually 
used  in  service  wtU  be  subjected  only  to  relatively  simple 
production  acceptance  tests.  However,  the  spacecraft  regu¬ 
lator  program  may  call  for  only  one,  two,  or  three  develop¬ 
ment  models,  but  the  actual  flight  item  will  be  subjected  to 
very  comprehensive  acceptance  test*. 
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1 5.2. 1  Development  T  ests 

Development  tests  are  conducted  on  initial  preprototype 
components  to  check  out  basic  design  parameters  during 
the  development  process.  Development  tents  are  used  to 
verify  such  factors  as  flow  area,  pressure  drop,  electrical 
power  drmn,  and  functional  operation.  Development  tests 
should  verify  all  requirements  necessary  to  produce  a  com¬ 
plete  set  of  engineer.ng  drawings  describing  component 
capable  of  meeting  its  specification  requirements.  The 
model  used  fo>  such  tests  is  usually  called  a  breadboard, 
boiler  plate,  or  engineering  model  and  is  produced  specif¬ 
ically  for  those  tests. 

The  tests  should  provide  data  to  finalize  a  new  design  or  to 
modify  an  existing  design  to  comply  with  new  require¬ 
ments.  Adjustment,  rework,  repair,  and  retest  are  normal 
functions  of  a  development  test.  Specifications  should 
require  that  all  activities,  os  well  as  details  of  all  repairs  and 
adjustments,  be  documented  for  future  correlation  with  the 
production  unit. 


15.2.2  Design  Verification  Tests 

Design  verification  tests  (DVT)  should  be  conducted  on 
prototype  hardware  before  proceeding  to  production  draw¬ 
ings  and  actual  fabrication  of  production  hardware.  Test 
requirements,  toward  which  the  manufacturer  n.ust  design, 
should  be  itemized  in  the  component  specification.  Design 
verification  tests  are  planned  to  prove  that  a  component 
can  meet  all  of  its  functional  requirements  and  the  most 
critical  of  its  environmental  requirements.  Component 
design  verification  tests  allow  system  tests  to  be  started 
with  maximum  assurance  that  components  can  pe.fo-m 
their  system  function  prior  to  performing  time-consuming 
life  or  reliability  tests.  Some  organizations  combine  devel¬ 
opment  tests  with  design  verification  tests. 

15.2.3  Prequalification  Tests 

Prequalificaiion  tests  (also  nailed  design  approval  tests,  pre¬ 
liminary  flight  rating  tests  or  PFRT,  flight  certification 
teats,  and  type  approval  tests)  are  conducted  on  production 
hardware  prior  to  flight  testing  to  determine  whether  the 
article  fabricated  Ly  production  tooling  and  techniques  will 
perform  as  capably  when  fabricated  as  a  prototype.  These 
tests  should  include  most  functional  and  environmental 
requirements  and  some  life-cycle  teats.  The  tests  should 
prove  that  the  production  hardware  can  meet  ail  the 
required  parameters  for  the  length  of  time  required  by  the 
flight  test  program.  Special  stress  to  failure  tests  ate  some¬ 
times  included  as  part  of  prequalification  testing.  These 
tests,  which  can  be  destructive,  are  designed  to  establish 
margins  of  safety  over  minimum  design  requirements.  In 
some  organizations  prequalification  tes's  are  combined  with 
design  verification  tests. 


15.2,4  Qualification  Tests 

Qualification  tests  (also  called  flight  acceptance  tests)  are 
normally  formal  demonstrations  (in  contrast  to  evaluations) 
with  production  hardware  and  are  the  final  test  require¬ 
ments  to  be  met  by  the  component.  It  is  important  that 
qualification  test  requirements  oe  realistic  and  not  simply 
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be  included  because  it  was  done  before.  A  primary  differ¬ 
ence  between  formal  qualification  tests  and  other  tests  is 
that  the  test  qualifications  are  used  to  demonstrate  rather 
than  e.aluate  the  product.  They  should  consist  of  all  the 
steps  taken  in  prequelification  tests,  as  well  as  the 
following: 

1)  The  component  tested  should  be  randomly  selected, 
representative  production-type  hardware  made  entirely 
with  the  manufacturer’s  production  tooling  and  pro¬ 
cesses. 

2)  The  number  of  sampler  tested  should  be  adequate  to 
prove  that  the  components  are  statistically  capable  of 
meeting  their  reliability  requirements.  (Usually  3  to  5  is 
a  minimum  number.) 

3)  The  tests  should  be  repeated  at  various  undefined  points 
during  the  production  phase  of  the  program  to  assure 
that  the  last  components  produced  meet  the  same 
standards  as  the  first. 

15.2.5  Preproduction,  Pilot  Model,  or  Pilot  Lot 
Tests 

When  an  extensive  production  run  of  products  ic  anti¬ 
cipated,  tests  are  often  conducted  prior  to  commencing  a 
full-scale  production  run  to  check  the  conformance  of  the 
preproduction  or  pilot  units  to  specific  test  requirements. 
These  testa  are  called  preproduction  tests,  pilot  model  tests, 
or  pilot  lot  testa.  The  individual  tests  may  consist  of  ary  or 
all  of  the  tests  in  the  categories  of  functional,  environ¬ 
mental,  or  reliability  testing.  Preproduction  tests  are  con¬ 
sidered  mandatory  for  products  made  in  lots  wh?n  the  end 
of  one  lot  and  the  beginning  of  another  nre  separated  by 
significant  time  periods  or  when  a  source  of  supply  is 
changed.  Any  defects  that  might  occur  in  the  pioduci  are 
thereby  detected  and  corrected. 

15.2.6  System  Integration  Tests 

System  integration  tests  are  conducted  to  evaluate  the  com¬ 
patibility  of  the  components  with  system  i^quirements  and 
serve  to  evaluate  and  optimize  checkout  and  operating  pro¬ 
cedures.  Although  a  component  may  have  been  correctly 
designed  to  fulfill  its  own  function,  its  compatibility  with 
related  equipment  and  its  performance  as  part  of  an  inte¬ 
grated  system  must  be  demonstrated.  Compatibility 
includes  proper  interfacing  with  mating  flanges  and 
conneciors. 

15.2.7  Production  Acceptance  Tests 

Production  acceptance  tests  are  nondestructive  tests  per¬ 
formed  on  ueiiverable  production  hardware  to  assure  that  it 
is  equivalent  in  design  and  manufacture  to  those  com¬ 
ponents  which  have  previously  completed  the  formal  qual¬ 
ification  and/or  prequalification  test  programs.  Although 
these  tests  arv  of  a  quality  control  nature,  they  are  an 
integral  part  of  the  step  by  step  program  to  ensure  a  satis¬ 
factory  end  product.  During  early  hardware  production, 
acceptance  tests  may  include  limited  environmental  testing. 
Testing  of  ‘his  nature  is  commonly  called  production 
environmental  testing  (PET).  These  tests  usually  start  on  a 
100  percent  basis;  then,  as  confidence  in  the  quality  is 
achieved,  the  number  of  parts  tested  is  reduced  to  a 
sampling  The  PET  testing  is  ultimately  dropped,  with  sub¬ 
sequent  acceptance  testing  limited  to  the  normal  per 


functory  bench-type  functional  testa.  Although  some 
minimal  testing  is  usually  maintained  on  a  100  percent 
basis,  production  acceptance  testing  on  a  sampling  basis  la 
sometimes  performed.  The  test  sample  may  be  aeltcted  at 
random  from  the  production  run  on  the  basis  of  on#  par 
given  number  of  unite  produced.  Acceptance  teats  in  this 
category  usually  consist  of  nondestructive  tests  of  a  rela¬ 
tively  abbreviated  nature  to  check  critical  performance 
parameters  or  structural  integrity.  Such  sampling 
acceptance  vests  are  frequently  considered  to  be  of  limited 
value. 

15.2.8  Production  Monitoring  Tosts 

Production  monitoring  tests  are  conducted  at  prescribed 
intervals  to  subject  the  product  to  more  intensive  or 
extensive  conditions  than  are  encountered  in  the  norma) 
production  acceptance  test.  Theoe  tests  may  be  either 
destructive  or  nondestructive  and  are  performed  on  a 
sampling  basis. 

15.2.9  Reliability  Tasts 

Reliability  tests  are  performed  to  determine  the  probability 
that  s  component  will  fulfill  itu  intended  function.  Com¬ 
ponents  which  are  cyclic  in  operation  are  usually  tested  for 
a  number  of  operating  cycles  until  failure,  and  components 
which  operate  continuously  are  usually  tested  to  determine 
the  mean  time  to  failure  (MTTF)  or  mean  time  between 
failures  (MTBF).  (See  Sub-Topics  11.2.7  end  11.2.6.) 
Cyclic  tests  can  usually  be  repeated  with  sufficient  fre¬ 
quency  to  simulate  the  operating  cyclic  life  in  a  reasonably 
sho-t  test  period  On  the  other  hand,  continuous  life  tests 
may  be  difficult  to  simulate,  particularly  on  components 
designed  to  operate  thousands  of  hours  in  norma)  service. 

Limit  testing,  or  performance  margin  testing,  determines 
the  margin  of  safe  operation  over  the  specified  design  con¬ 
ditions.  Limit  tests  are  conducted  by  progressively 
increasing  the  severity  of  a  test  parameter,  such  as  tempera¬ 
ture,  until  the  component  fails.  The  margin  of  safe  opera¬ 
tion  over  the  design  conditions  is  a  measure  of  the  com¬ 
ponent’s  functional  reliability. 

15.3  TEST  COSTS  AND  SCHEDULES 

15.3.1  General 

Component  testing  has  a  significant  Influence  on  the  overall 
cost  and  schedule  of  any  development  effort.  The  prepara¬ 
tion  of  the  tot  schedules  and  coat  estimates  a*  well  as  a 
discussion  of  factors  influencing  test  cost  are  treated  in  this 
sub-topic. 

15.3.2  Review  of  Test  Specification  and  Require¬ 
ments 

When  the  request  for  proposal  (RFP)  defines  the  test 
requirements  in  detail,  the  task  of  preparing  a  test  plan, 
cost  estimate,  and  schedule  is  facilitated.  If  the  specifi¬ 
cation  is  general  in  nature,  it  will  be  necessary  to  propose  s 
logical  test  program,  including  those  testa  which  are 
beMavtd  to  be  required  based  on  experience.  In  reviewing 
the  specification,  it  is  helpful  to  have  a  preprinted  form, 
sometimes  celled  a  compliance  tabulation.  Each  paragraph 
and  subparagraph  ic  listed  on  the  form  and  checked  off  in 
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the  appropriate  column.  Any  noncompliance  is  explained. 
There  should  be  no  reluctance  on  the  part  of  the  reviewer 
to  question  the  logic  c'  any  given  test  procedure.  If  the  test 
procedure,  as  received,  has  any  aspects  that  appear  to  be 
impractical  or  excessively  expensive  compared  to  the  infor 
mation  that  will  be  derived,  this  fact  should  be  pointed  out 
to  the  requestor.  If  this  cannot  be  done,  the  suggested 
change  should  be  included  in  the  pronosal  under  the  section 
on  deviations.  Figure  15.3.2  shows  an  excerpt  from  a 
sample  specification  review  form. 
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Figure  15.3.2.  Typical  Specification  Review  Fom. 


15.3.3  Preparation  of  Cost  Estimates 

A  tes*  cost  estimate  lists  the  major  headings  cf  the  test,  e.g., 
shock  vibration,  leakage.  Estimates  of  the  individual  test 
costs  are  then  made  and  include  "uch  items  aa  fixtues, 
materials  (for  example,  liquid  nitrogen  or  other  test  media), 
and  any  special  equipment  that  might  be  needed  for  the 
task.  In  making  the  estimate,  the  hours  for  the  various  labor 
categories  are  recorded,  as  are  the  hours  for  the  equipment 
required.  Estimates  are  made  for  material  costs  snd  other 
off-site  charge,.,  and  the  man  hours,  equipment  hours,  and 
dollar  expenditures  are  totaled  at  the  bottom  of  the  sheet. 
The  appropriate  burden  factors  are  then  applied;  this  yields 
the  total  cost  of  the  test  program, 

15.3.4  Preparation  of  Tat  Schedule 

After  the  individual  teats  have  been  defined,  a  schedule  is 
made  for  the  overall  test  program.  Bar  charts  at  *  normally 
used,  as  they  are  particularly  w**51  su’ted  for  presenting  this 
type  of  information.  Characteristically,  test  schedules  are 
made  with  a  very  high  degree  of  optimism;  tests  are  gen¬ 
erally  viewed  in  an  ideal  situation,  and  rarely  is  sufficient 
time  allocated  for  the  contingencies  and  problems  that  are 
sure  to  arise.  Due  jonsideration  should  be  given  to  the  pos¬ 
sibility  of  te. '  failure,  equipment  problems,  conflict  with 
other  programs,  personnel  availability,  and  otner  factors 
that  may  cause  schedules  and  costa  to  vary. 

15.3.5  Factors  Influencing  Tort  Cost 

General  Factors.  The  coat  of  any  test  program  is  obviously 
affected  by  the  complexity  of  the  test,  the  number  of 
pieces  to  be  tested,  and  ,.he  equipment  and  facilities 
required.  There  aie  lesa  obvious  factors  which  may  affect 
the  cost,  and  consideration  of  these  factors  in  advance  of 
the  testing  will  increase  the  accuracy  of  the  estimate  and 
may  serve  to  reduce  the  overall  program  expenditure. 

Schedule.  An  unrealistic  schedule  for  completion  can  signi¬ 
ficantly  increase  the  cost  of  (he  test  program  by  requiring 
premium  pay  for  personnel,  for  vendors  of  test  fixtures, 
and  for  commercial  test  laboratories  performing  some  or  all 
of  the  test  program.  Hidden  overhead  costs  associated  with 
the  activity  >re  also  generated  in  toe  form  of  additional 
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burden  on  the  pureh'uting  and  liaison  personnel  who  w>ll  be 
directly  affected  by  the  increased  expediting  effort 
required.  Conversely,  a  long  drawn-out  schedule  can  result 
in  tying  up  expensive  test  equipment  and  instrumentation. 
This  ii;  especially  tnte  in  development  testing,  where  the 
cost  of  taking  down  and  setting  up  tests  must  be  compared 
with  that  of  leaving  specimens  set  up  while  analyzing  data. 

In-House  versus  Commercial  Laboratory.  A  make  or  buy 
decision  is  often  in  order  in  conducting  a  test  program. 
That  is,  it  may  N*  more  economical  to  have  the  testing  done 
by  a  commercial  laboratory  than  to  do  it  in-house.  This  is 
true  if  testing  in-house  invokes  capital  expenditures  for 
equipment  that  has  little  subsequent  application,  nr  if  lack 
of  personnel  and/or  equipment  causes  a  schedule  slippage. 
If  the  program  is  conducted  in-house,  consideration  should 
be  given  to  the  possibility  of  tenting  or  leasing  equipment 
that  is  needed.  In  some  areas,  complete  instrumentation 
rental  services  are  available  which  provide  tingle  pieces  of 
equipment,  such  as  an  accelerometer,  or  the  total  equip¬ 
ment  and  personnel  needed  for  a  test  sories.  When  off-siw- 
expenditures  of  this  type  are  made,  the  total  cost  of  the  job 
is  known  in  advance,  which  simplifies  cost  control. 

In  addition  to  co  omercial  testing  laboratories,  extensive 
environmental  and  functional  test  facilities  of  many  of  the 
large  aerospace  firms  are  frequently  available  to  component 
manufacturers  when  conditions  permit. 

Unnecessary  Tests.  Very  often  tests  are  specified  which  will 
produce  little  or  no  information  ivith  respect  to  the  pro¬ 
duct's  ability  to  meet  its  functional  requirements.  Many 
such  ter ts  seem  to  be  specified  out  of  habit;  that  is,  such 
tests  were  required  on  components  in  the  past  and  the  prac¬ 
tice  is  carried  over  to  present  equipment.  Examples  of  such 
tests  ere:  sand  and  dust,  humidity,  and  iungus  tests  on 
hermetically  sealed  units;  and  acceleration  tests  on  compo¬ 
nents  which  can  obviously  suffer  no  ill  effects  from  the 
environment  or  for  which  the  effects  are  easily  calculated. 
Usuahy,  an  examination  of  the  design  will  indicate  whether 
such  tests  nre  needed  or  not.  If  the  examination  indicates 
that  the  test  may  not  he  worthwhile,  a  suggested  deletion  in 
the  deviations  sect  ion  of  the  proposal  should  be  made. 

Changes  to  Test  Programs.  It  is  frequently  necessary  to 
make  changes  to  t  test  program  after  it  has  been  started. 
Often  these  are  minor  changes  and  involve  relatively  little 
cost.  However,  in  normal  practice  the  test  engineer  in 
ch  a  me  of  conducting  the  program  is  not  authorized  to  incur 
any  additional  charges  without  approval  of  his  company’s 
contracting  department.  Should  the  requirement  for  a 
chang  occur  at  night  or  on  a  weekend  when  such  approval 
is  difficult  or  impossible  to  obtain,  very  large  expenses  can 
be  incurred  due  to  the  stoppage  of  the  program  while  await¬ 
ing  approval.  It  may,  therefore,  be  advisable  on  some  pro¬ 
grams  to  authorize  a  test  engineer  to  expend  a  limited 
amount  of  money  to  circumvent  the  shutdown  of  a  test 
program  under  extenuating  policy. 

15.3.6  Instrumentation  and  Data  Requirements 

The  data  required  in  any  test  should  be  very  carefully  con¬ 
sidered,  since  either  too  little  or  too  much  data  can 
seriously  affect  the  tes<  program.  If  insufficient  data  are 
taken,  the  entire  test  may  be  worthless.  If  superfluous  data 
are  taken  the  cost  will  be  excessive  both  because  of  the 
effort  required  to  obtain  the  data  in  the  first  place  and  the 
additional  effort  required  to  reduce  the  data.  The  param- 
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elers  to  be  considered  in  determining  the  ‘nstrumcntation 
and  data  requirement*  of  any  given  lent  procedure  arc  dis¬ 
cussed  below. 

As  a  first  step,  determine  what  in  to  be  measured  (force, 
temperature,  pressure,  etc).  While  thl»  may  aeom  to  be  an 
obvious  statement  not  infrequently  a  parameter  in  omitted 
from  a  tent  procedure,  necessitating  a  rerun  of  the  teat 
when  the  missing  factor  in  eventually  discovered.  Any 
parameter  that  could  possibly  affect  the  outcome  of  the 
teat  should  be  considered.  Fot  example,  if  meteorological 
data  such  as  barometric  pressure,  ambient  temperature,  and 
time  of  me  day  could  have  a  bearing  on  the  teat  results, 
their  recording  should  be  specified. 

The  accuracy  of  the  specified  recordings  will  affect  the  test 
costs.  In  the  early  phases  of  the  development  test,  It  may  be 
satisfactory  to  use  commercial  pressure  gauges  to  obtain 
readings  which  would  be  completely  unsuitable  for  use  In  a 
subsequem  qualification  test.  The  accuracy  required  should 
ulways  be  specified  {full  scale  or  test  point,  as  well  as  the 
percent)  and  steps  must  be  taken  to  ensure  that  the, 
accuracy  specified  is  actually  being  obtained.  Very 
frequently,  the  accuracies  specified  are  completely  incom¬ 
patible  with  the  instiumentation  equipment  specified  in  the 
same  test  procedure.  NBS  Technical  Note  262  (Reference 
82-21)  contains  66  charts  which  describe  the  accuracy 
obtainable  by  conventional  measures.  An  accuracy  analysis 
of  the  final  test  computation  should  also  be  required  (i.e. 
root  mean  square  sum). 

After  the  test  parameters  to  be  measured  have  been  deter¬ 
mined,  a  schematic  of  the  setup  should  be  made.  This 
schen.  oic  may  vary  from  a  hand  sketch  to  an  elaborate 
drawiug,  depending  upon  the  complexity  of  the  teat  pro¬ 
gram.  A  schematic  serves  two  basic  purposes:  it  helps  the 
test  planner  design  the  setup  and  provides  the  test  lab  with 
the  necessary  information  for  making  the  proper  setup. 

A  typical  schematic  for  a  pressure  drop  test  is  shown  in 
Figure  15.3.6.  The  schematic  should  show  sufficient  detail 
to  permit  construction  of  the  setup  and  to  provide  direc¬ 
tion  concerning  the  instrumentation  quantities  and  qualities 
required.  If  the  instrumentation  list  or  notes  become  too 
extensive  to  include  co.ivenieetly  on  a  drawing,  the  list  may 
be  supplied  as  an  appendix.  Typical  notes  that  might  he 
supplied  with  Figure  16.3.6  are  as  follows: 

1)  Pressure  tap  diunv  ter  is  0.040  Deburr  inside  of  hole. 

2)  Gage  numbers  1  and  2  to  have  1/4%  full-scale  accuracy. 
All  other  gages  may  hnve  1%  full-scale  accuracy. 

3)  location  of  upstream  control  valve  optional. 

1)  Bypass  and  shutoff  valve  to  be  located  as  close  as 
possible  to  flow  section. 

5)  Flow  section  (furnished)  is  0,065  wall,  3.37  ID,  3.50 
OD  carbon  steel.  It  is  adapted  to  test  specimen  by 
ring-clamp  flange  connectors.  Opposite  ends  fitted  with 
ASA  1 50  lb  slip-on  flange. 

6)  Upon  completion  of  setup,  prior  to  test,  Irak  check  all 
fittings. 

The  latter  statement  regarding  k-ak  check  of  the  fittings  is 
of  extreme  importance,  yet  it  is  often  ove-looked  in  test 
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Figure  15.3.6.  Typical  Ter  Schematic 

laboratories.  Of  particular  importance  are  the  fittings  asso¬ 
ciated  with  the  pP  measurement  aa  a  very  alight  leakage  at 
these  fittings  can  cause  serious  errors  in  the  test  data. 

1&.3.6.1  RECORDING  OF  DATA.  The  method  ofrecora- 
ing  data  will  vary  with  the  requirementa  and  the  nature  of 
the  test  In  tome  cases  it  la  acceptable  to  record  the  data  by 
hand  or  a  reproducible  data  sheet.  When  such  a  recording  is 
appropriate,  a  basic  requirement  is  accurate  and  legible 
writing.  It  should  not  be  transcribed  on  a  typewriter,  aa  the 
transcription  merely  adds  to  the  cost  and  injects  the  pos¬ 
sibility  of  transcription  errors.  This  method  of  recording  is 
permissible  when  steady-state  conditions  can  be  maintained 
long  enough  to  permit  recording  the  levels  of  all  param¬ 
eters,  as  in  a  valve  pressure  drop  test  at  constant  flow  rate. 
When  it  is  necessary  to  read  and  record  several  instruments 
simultaneously,  an  ordinary  camera  can  be  very  useful. 
Pictures  are  taken  as  required  during  the  test  and  the  read- 
irgs  of  the  various  instruments  may  be  recorded  on  pre¬ 
printed  data  sheets  as  time  permits.  The  photographs  may 
be  included  in  the  permanent  record  of  the  data.  A  calendar 
and  a  clock  should  be  included  in  the  pictures  to  show  the 
time'  and  date.  It  is  also  advisable  to  include  a  test  number 
and  run  number  in  the  picture. 

Polaroid  cameras  are  frequently  used  to  take  pictures  of 
traces  appearing  on  oscilloscope  screens.  An  example  would 
be  a  picture  of  f  solenoid  valve  electrical  tr*;e.  This  pro¬ 
cedure  is  accurate,  economical,  and  very  useful  when  the 
event  being  recorded  occurs  in  a  rather  brief  period  of  time. 
The  photograph  serves  as  a  permanent  record  and  may  be 
reproduced  and  used  in  the  test  report  Movie  cameras  arc 
used  extensively  for  recording  data,  and  the  procedure  in 
some  cases  is  far  simpler  and  more  economical  than  one 
which  requires  numerous  individual  instrumentation  joints. 
It  is  u«ua)iy  necessary  to  incorporate  a  narrative  account  in 
the  test  report  of  what  was  observed  during  the  film 
sequence.  A  co^y  of  the  film  is  usually  supplied  with  the 
test  report,  but  it  may  be  inconvenient  or  unnecessary  for 
ail  recipients  of  the  report  to  review  the  actual  sequence  of 
events.  Closed  circuit  video  cameras  used  in  conjunction 
writh  video  tape  are  finding  increasing  use  in  recording  test 
data.  The  instant  playback  feature  of  the  video  tape  can  be 
extremely  useful  during  development  programs. 

The  multichannel  atrip  chart  recorder  or  oscillograph  has 
been  in  use  for  many  years  in  recording  data,  and  numerous 
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model*  and  type*  are  available.  The  particular  unlu 
specified  for  any  given  teat  will  depend  on  such  factor*  aa 
the  number  of  channel*  required  per  test,  the  width  of  the 
channel  (which  affect*  the  read* oil Ity),  the  frequency 
rrspon**,  the  eaae  ot  letup  and  callbrrtlon,  and  the  proceu 
required  to  develop  the  trace.  Most  modern  oscillograph 
trace*  are  developed  immediately  by  light  intensification. 
This  type  of  recording  is  particularly  well-suited  to  test 
pregrain*  which  have  numerous  parameters  that  must  be 
recorded  simultaneously,  especially  if  a  study  of  inte  action 
between  the  various  parameters  is  necessary.  An  example  of 
such  an  application  it  the  testing  of  high-reaponae  solenoid 
or  torque-motor  propellant  shutoff  valves,  wherein  simul¬ 
taneous  recording  of  current,  voltcgc,  and  pressures  must,  be 
performed. 

Close  liaison  should  be  maintained  with  the  test  laboratory 
when  determining  the  amount  of  data  required.  For 
example,  if  seven  channels  of  information  are  specified  and 
only  six  channel  recorder*  are  available,  the  cost  of  setting 
up  a  second  recorder  to  obtain  the  data  for  the  aeventh 
channel  may  be  excessive.  A  reexamination  of  the  require¬ 
ment*  may  indicate  that  either  the  aeventh  chan-iel  be 
eliminated  or  the  data  be  acquired  by  tome  other  method. 

There  are  special  forma  of  atrip  chart  recorder*  design  to 
sample  data  point*  on  a  multiplexing  basis.  A  ty*.  al 
example  of  multiplexing  requirement  is  a  program  involving 
numerous  temperature  measurements  over  long  period*  of 
time.  Hie  recorder  may  be  set  up  to  sample  and  record 
temperature  readings  on  r  1 -second  interval.  Since  each 
datum  reading  is  a  point  on  the  chart,  a  very  large  number 
of  points  over  a  long  period  of  time  may  be  recorded  on  a 
relatively  short  length  of  paper. 

Magnetic  tape  may  be  used  to  record  an  extremely  large 
volume  of  date  in  a  very  convenient  and  compact  form. 
Data  then  may  he  played  back  a  few  channel*  at  a  time  on 
available  recording  channels.  Also,  the  time  base  may  be 
slowed  down  to  obtain  a  higher  effective  frequency 
response  on  the  recorder. 

15.3.6.2  DATA  R  EDUCTION.  The  coat  of  data  reduction 
should  be  very  carefully  considered  when  the  basic  instru¬ 
mentation  plan  is  being  made.  The  reduction  required  in 
some  of  the  techniques  described  above  can  be  extremely 
tedious  and  costly  and  subject  to  error.  When  the  data 
reduction  procedure  la  considered.  It  .nay  be  found  that  an 
entirely  different  recording  process  is  indicated.  For 
example,  when  many  data  points  arc  recorded  on  numerous 
channels  of  a  atrip  recorder  and  many  of  the  values  mutt  be 
digitixed  on  a  data  sheet,  the  overall  coet  might  be  less  if 
the  data  were  recorded  on  magnetic  tape.  The  tape  can  then 
be  processed  by  a  computer  that  can  provide  a  printout  in  a 
readily  usable  form.  This  plan  *1  ould  be  considered  even 
when  in-house  computer  facilities  are  not  available,  a*  there 
are  numerous  commercial  facilities  available  capable  of  per 
forming  this  work.  The  overall  cost  may  be  significantly  lets 
than  it  would  be  for  a  manual  reduction.  When  photographs 
are  used  to  take  pictures  of  numerous  instruments,  it  may 
be  tedious  and  expenwve  to  record  tire  reading  of  sach  of 
those  instruments;  and  it  may  not  lx.  necessary  >.o  record 
every  reading.  For  example,  it  may  be  only  necessary  to 
know  that  a  pressure  indicated  on  a  gauge  did  rot  exceed  or 
fall  below  certain  limits.  Hies*  limits  could  be  inscribed 
upon  the  face  of  ihe  gauge,  as  long  as  the  indication  la 
within  the  specified  requirements;  no  recording  would  be 
made  end  this  fact  could  aimply  be  noted  on  the  data  sliest. 
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It  must  be  remembered,  however,  that  should  anomalies 
develop  during  subsequent  test,  or  operation,  all  teat  records 
and  data  will  probably  be  closely  examined  to  ascertain 
causes. 


15.4  TEST  PLANS  AND  PROCEDURES 

15.4.1  Test  Plans 

A  dictinction  is  made  between  test  plana  and  teat  proce¬ 
dure*.  Hie  teat  plan  contain*  general  statements  regarding  a 
specific  program,  defining  what  is  to  be  tested  and  to  what 
extent*.  It  la  normally  submitted  with  a  proposal  and  has  the 
same  headings  as  the  test  procedure  discussed  below.  A 
typical  paragraph  from  a  teat  plan  might  read:  “A  leakage 
test  shall  be  performed  to  assure  compliance  with  the  detail 
specification.”  The  related  paragraph  in  the  tent  procedure 
would  specify  precisely  how  the  testing  is  to  be  done. 

15.4.2  Test  Procedure 

The  teat  procedure  is  a  completely  self-contained  dominant 
which  contains  all  information  necessary  for  the  successful 
performance  of  ■  specified  test  program.  The  various 
sections  are  listed  below: 

1.0  Purpose 
2.0  References 

3.0  Test  Schedule  (not  always  required) 

4.0  Teat  Conditions  and  Test  Equipment 
5.0  Requirement*  and  Procedures 
6.0  Test  Witnesses 
7.0  Teat  Deports 

The  following  paragraphs  present  a  brief  description  of  each 
section  and  a  sample  writeup. 

15.4.2.1  PURPOSE.  Hie  purpose  section  presents  the 
reason  for  conducting  the  test  program  and  notes  the  nnme 
and  part  number  of  the  equipment  being  tested  along  with 
the  number  of  parts  to  be  tested. 

1,0  Purpcte.  The  purpose  of  this  procedure  is  to 
present  the  detailed  testing  methods  to  be  used  during  a 
qualification  test  program  on  three  fuel  hose  assemblies. 
Rubber  Hose  Inc.,  Part  Number  6159268,  as  specified  in 
References  2.1  through  2,3,  in  accordance  with  Refer¬ 
ence  2.4. 

15.4.2.2  REFERENCES.  Each  applicable  military  specifi¬ 
cation,  customer  specification,  and  drawing  ia  listed  here 
along  with  the  document  name,  numbe<-,  title,  and  latest 
revision  letter  and  date. 

2,0  Reference *. 

2.1  TRW  Teat  Plan  Number  12345,  dated  10  July  ’968. 

2.2  Military  Standard  MIL-STD-810A,  dated  23  June 
1964.  title:  Environmental  Teat  Methods  for  Aerospace 
and  Ground  Equipment. 

2.3  TRW  Detailed  Specification  Number  6158A48, 
dated  14  August  1967,  fitle:  Hose  Assembly,  Fuel. 

2.4  TRW  Drawing  Number  6159268,  Revision  2,  dated 
20  July  1967,  title:  Hose  Assembly,  Fuel. 

2.5  TRW  Purchase  Order  Number  X64582A68. 
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15.4.2  3  TEST  SChEDULE.  The  test  schedule  presents 
the  sequence  of  testing  of  eil  units  in  s  clear,  logical 
manner. 

3.0  Test  Schedule. 


Item 

No. 

Tret  Title 

Reference 

Para 

No. 

1.0 

PERFORMANCE  TESTS 

5.1 

1.1 

(all  units) 

Examinrtion  of  Product 

0.1.1 

1.2 

Proof  Pressure 

b.1.2 

1.3 

Leakage 

5.1.3 

2.0 

VIBRATION  (unit  1) 

5.2 

2.1 

Plus  1.3  above 

5.1.1  to  5.1.3 

3.0 

SALT  SPRAY  (unit  2) 

5.3 

3.1 

Plua  1.3  above 

5.1.1  to  5.1.3 

4.0 

SHOCK  (unit  3) 

6.4 

4.1 

Plua  1.3  above 

6.1.1  to  5.1.3 

5.0 

BURST  (all  unite) 

6.6 

15.4.2.4  TEST  CONDITIONS  AND  TEST  EQUIP¬ 
MENT.  This  section  presents  the  ambient  conditions  to  be 
maintained  throughout  the  test  program,  *he  test  media  to 
be  used,  and  a  complete  instrum  ntation  listing  (by  teat). 

4.0  Teat  Condition s  ana'  Tut  Equipment. 

4.1  Ambient  Condition a.  Unices  otherwise  noted,  the 
ambient  conditions  throughout  the  teat  program  shall  be 
an  atmospheric  pressure  of  29.C2  *0.5  inches  of  mercury 
absolute,  a  temperature  of  75  *16°F,  and  a  relative 
humidity  of  l  ;*«a  than  90  percent 

4.2  Teat  Media.  Where  cpecified  in  this  procedure,  the 
test  media  shall  conform  to  the  following' 

Gateouii  nitrogen  per  MIL-P-27401C 
Potable  water 

Hydraxine  p»  r  MIL-P- 26638 

4.3  Tea *  Equipment.  The  following  equipment  or 
equivalent,  shall  be  u.-ved  during  the  teat  program.  (Note: 
the  procedure  to  be  used  for  instrument  calibration  shall 
He  described  or  an  appropriate  quality  control  document 
should  be  specified.)  In  addition  it  is  frequently  desk- 
able  to  specify  instrumentation  accuracy  as  well  as 
range. 

Teat  Equipment  Range 

4.0.1  Performance 
Teste 

4.3. 1.1  Examination 

of  Product  Vernier  calipers  0  to  6  ir.chos 

Scale  C  to  10  pounds 

4.S.  1.2  Proof 

Pressure  Test  Pressure  gauge  0  to  10,000  psig 
Head  pump  0  to  1 500  psig 

4 .3.1.3  Leakage  Test  Pressure  gauges  0  to  500  psig 


4.3.2  Vibration 

Test  Vibration 

system  5  to  2C00  cps, 

3500  lb; 

Accelerometers  0  to  30  g 

Oscillograph  6  channel 
recording 

Amplifier 

Plus  equipment  listed  in  4. 3.1.1  through  4.3. 1.3,  above. 

4.3.3  Salt  Spray 

Test  Chamber  6  x  7  x  9  ft 

Plus  equipment  listed  in  4. 3.1.1  through  4.3. 1.3,  above. 

1.3.4  8hock  Test  Shock  machine  100  lb  specimen 

capacity 

Accelerometers  C  to  100  g 

Oscillograph  20  cps  response 

6  channel 

4.3.5  Burst  Test  Pressure  gauge  0  to  5000  psig 

Head  pump  0  to  10,000  psig 

15.4.2.5  REQUIREMENTS  AND  PROCEDURES.  The 
format  of  this  important  section  should  permit  each  test 
writeup  to  start  on  a  separate  page  to  facilitate  changes, 
additions,  and  deletions.  Bach  test  Is  further  broken  down 
into  requirements  and  procedures  sections.  Immediately 
following  each  teat  writeup,  the  figures  and  tablet,  If 
applicable,  are  presented,  and  a  sample  d»ta  sheet  ia 
Included.  The  applicable  paragraph  of  tha  customer’s 
specification  should  be  noted.  This  format  facilitates  review 
by  the  customer  and  i»  easily  corrected,  If  necessary. 

The  above  procedure  lends  Itself  readi  to  tha  preparation 
of  a  teat  report  at  the  conclusion  of  the  test  program.  The 
test  procedure  and  test  report  outlines  are  compared  below 
to  illustrate  this  point. 


Teat  Report  Teat  Procedure 

1.0  Purpose  1.0  Purpose 

2.0  References  2.0  References 

3.0  Summary  3.0  Tost  Schedule 

4.0  Teat  Conditions  and  4.0  Test  Conditions  and 
Teat  Equipment  Teat  Equipment 

5.0  Requirements,  5.0  Requirements  and 

Procedures  and  Procedures 

Results 

As  seen  above,  only  the  title*  of  3.0  and  5.0  change 
be. ween  the  procedure  and  report  formats.  This  allows  full 
use  of  the  procedure  in  preparing  the  final  report  and 
reduces  the  time  required  to  transmit  the  report  to  the 
customer. 

It  is  advisable  to  write  each  test  report  section  as  the  work 
is  completed  rather  than  attempting  to  write  the  entire 
report  u  the  conclusion  of  the  teat  program.  This  proce¬ 
dure  ensures  a  faster  delivery  of  the  final  report,  and  flaws 
may  be  detected  in  the  data  in  time  to  permit  a  renin  if 
necessary. 

A  sample  test  procedure  writeup  it  presented  below.  All 
other  teats  would  be  described  in  a  similar  manner. 
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5.0  Requirement!  and  Procedure*. 

5. 1  Performance  Tests. 

5.1.1  Examination  of  Product. 

5.1.1. 1  (Reference  2.2,  Paragraph  h.2)  Require 
mentt.  lit*  specimen*  i*  a  pressure  regulator  which  shall 
be  packaged  in  a  sealed  container  and  shall  conform  to 
drawing  XXX.  The  weight  of  the  unit  shall  not  exceed  4 
pount's. 

S.l.t.2  Procedure.  The  specimen  shall  be  visually  exam¬ 
ined  to  determine  conformance  to  the  general  require¬ 
ments  for  workmanship,  markings,  and  identification. 
Hie  critical  dimensions  noted  in  Reference  2.3  shall  be 
recorded.  The  weight  of  the  unit  shall  be  recorded. 

5.1.2  Functional  Teet 

5.1.2. 1  Requirement!.  In  this  paragraph  the  require- 
menta  for  a  complete  functions*  teat  should  be  de¬ 
scribed.  Such  testa  usually  include  leakage  measure¬ 
ments,  response,  and  current  U  may  be  desirable  to  also 
describe  a  limited  functional  test  ta  be  used  following 
certain  environmental  tests  where  a  complete  functional 
test  would  not  be  warranted. 

5. 1.2.2  Procedure.  This  section  contains  a  detailed  de¬ 
scription  of  the  testa  to  be  conducted.  It  must  be 
complete  enough  to  permit  the  technicians  to  set  up  the 
tests  with  proper  instrumentation  and  other  equipment, 
conduct  the  tests,  and  obtain  the  necessary  data. 
Illustrations  clearly  showing  the  test  setup  should  be 
provided  and,  where  possible,  the  drawings  should 
specify  the  particular  test  equipment  to  be  used. 
Generous  use  should  be  made  of  notes,  both  on  the 
drawings  and  In  the  text  of  the  specific  procedure.  If  a 
standard  test  is  to  be  conducted,  it  is  helpful  to 
reproduce  the  section  in  its  entirety  from  the  appro¬ 
priate  document  and  include  the  copy  In  the  procedure. 
This  eliminates  errors  and  saves  considerable  writing 
time. 

15.4.2.8  TEST  WITNESSES.  This  paragraph  identifies,  by 
title  only,  the  witnesses  to  be  notified  prior  to  the 
beginning  of  a  test  and  specifies  the  amount  of  time 
available  before  each  test  It  should  also  clearly  state  that 
the  teats  will  proceed  as  scheduled  whether  or  not  the 
witnesses  appear,  since  costs  could  mount  grestly  if  the 
program  were  delayed  for  lack  of  a  witness.  This  paragraph 
should  also  specify  how  failures  will  be  reported  and  define 
tho  course  of  action  to  be  taken  In  the  event  of  a  failure. 
ThU  action  could  be  a  predetermined  agreement  to  con¬ 
tinue  or  repent  the  test,  or  to  stop  the  test  entirely  pending 
further  instructions.  A  written  notice  of  failure  or  deviation 
from  the  specification  should  be  supplied  in  every  esse. 


15.4.2.7  TE8T  REPORTS.  This  paragraph  describes  the 
raport  to  be  supplied  at  the  conclusion  of  the  test, 
including  *he  date  it  will  he  supplied,  its  general  format,  the 
number  of  copies,  and  whether  or  not  a  reproducible  copy 
will  be  supplied. 


16.5  MECHANICAL  FUNCTIONAL  TESTS 

16.6,1  General 

As  the  title  implies,  the  functional  test  is  designed  to 
determine  whether  the  component  performs  according  to 


Kpcclflcation.  Such  testing  can  range  from  a  2-minute 
pressure  switch  check  to  determine  If  it  actuates  and 
deactuatej  within  the  prescribed  limits  at  room  tempera¬ 
ture,  to  a  4  to  8-hour  flow  test  on  a  regulator  using  actual 
service  fluids,  controlled  temperature  conditions,  t  pro¬ 
grammed  flow  rate,  and  varying  ambient  pressures. 

The  functional  test  is  normally  conducted  after  each 
environmental  test  to  determine  that  the  component 
continues  to  meet  the  requirements.  A  complete  functional 
test  after  each  environmental  test  is  not  always  necessary 
and  may  be  undesirable,  as  some  functional  tests  are 
degrading  if  the  test  levels  are  sufficiently  hlgU  Judgment 
on  the  part  of  the  design  or  test  engineer  is  required  to 
determine  how  many  tests  are  required  to  establish  satisfac¬ 
tory  operation  of  the  unit.  When  the  number  of  cycles 
accrued  in  functional  testing  becomes  a  lignifkrant  portion 
of  the  total  design  life  cycle,  it  is  conventional  to  reduce 
the  number  of  cycles  In  the  life  test  by  a  like  amount.  A 
discussion  of  techniques  used  in  conducting  the  normally- 
encountered  mechanical  functional  tests  follows. 

15.5.2  Examination  of  Product 

Conventionally,  the  first  test  to  be  conducted  Is  an 
examination  of  the  test  article.  The  extent  of  the  examina¬ 
tion  will  vary  with  different  products,  ranging  from  a 
cursory  visual  evaluation  of  condition  and  verification  of 
identification  to  a  complete  disassembly  and  dimensional 
and  functional  check.  Any  disassembly  should  be  dona 
either  by  the  manufacturer  or  with  a  manuf.v.turer’s 
representative  present.  If  the  article  has  been  subjected  to  a 
normal  receiving  inspection  procedure,  the  data  obtained 
may  constitute  the  examination  of  product.  However,  the 
test  engineer  may  elect  to  verify  soim.  of  the  findings  prior 
to  the  start  of  tests 

15.5.3  Proof  and  Burst  Pressure  Tests 

Proof  and  burst  pressure  tests  (both  overpressure  tests)  are 
discussed  together  because  of  the  similarity  of  the 
procedures.  Proof  and  burst  pressures  „re  also  discussed  in 
Sub-Topic  13.2.2.  Hie  proof  pressure  test,  which  is 
perfo.med  to  establish  the  structural  Integrity  of  the  part 
and  ensure  that  it  will  be  completely  functional  after  it  is 
subjected  to  abnormal  pressure,  is  usually  the  first  func¬ 
tion’d  test  conducted  on  a  unit.  Proof  pressure  factors 
normally  vary  from  one  and  a  naif  to  two  times  the 
working  pressure,  depending  on  the  usage  and  individual 
specification.  Burat  tests,  conducted  to  establish  the  margin 
of  safety,  fell  into  two  classes: 

1)  The  test  oetimen  is  tested  to  some  arbitrary  level 
normally  ranging  from  two  to  four  .imes  the  working 
pressure.  The  unit  is  not  expected  to  operate  after  this 
teat  has  been  conducted,  but  it  should  not  break  and 
should  not  leak  when  the  pressure  is  reduced  tc.  the 
working  pressure  level. 

2)  H»e  pressure  is  raised  until  a  structur  al  failure  occurs, 
and  the  point  of  rupture  obtained  in  this  test  may  be 
used  to  determine  the  margin  of  safety  that  exists. 

15.5.3.1  SAFETY  PRECAUTIONS.  Very  close  attention 
should  be  given  to  proper  safeguard-:  while  the  test  la  being 
conducted,  especially  if  the  test  fluid  is  a  gas.  Soma 
methods  oi  providing  safeguards  are  discussed  below. 

Protective  Wire  Meah  Cages.  For  tests  ‘nvolving  relatively 
low  volume  and/or  procures,  the  use  of  a  wire  meah 
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enclosure  may  bo  economical  anv  convenient.  Such  a  rag* 
may  range  in  alar  from  a  small  bench-mounted  boa  to  a 
large  walk-in  box.  Mounting  (he  latter  on  caaters  may 
provide  added  convenience. 

Protective  Glaaa  Shield.  When  cloae  viaual  observation  of  a 
apeclmen  ia  required,  an  enclosure  of  shatterproof  glaaa 
may  be  uted.  Uae  >f  niirrors  permita  viewing  from  aeveral 
angle*  and  helpa  to  reduce  viewing  huurdi. 

Sand  Bags  and  Other  <feavy  Barriers.  Sand  baga  n^y  be 
uaed  to  provide  very  « onomicu!  protection  for  o ne  uhnt 
tMte,  aa  the  material  >a  inexpeni  ivr  and  the  atm  ture  eaaily 
erected  by  unakllled  labor.  TTiey  are  not  a.  liable  for 
long-term  uae,  aince  the  structure  ia  unaightly  and  the  bags 
tend  to  rot  rather  quickly,  especially  in  strong  sunlight  An 
efficient  barrier  consisting  of  2  x  1 2-Inch  tongue  and  groove 
lumber  may  be  erected  very  economically,  and  may  be 
disassembled,  moved,  and  reused  (see  Figure  15.5.3.1).  The 
amount  of  protection  afforded  by  the  barrier  may  be  varied 
by  adjusting  the  width  of  the  enclosure.  Railroad  ties  may 
also  be  uaed  to  advantage  in  some  cases. 


Closed  Circuit  Television.  Closed  circuit  television  may  be 
uaed  to  good  advantage  in  monitoring  hazardous  testa  such 
aa  proof  and  burst,  and  the  equipment  is  relatively 
inexpensive.  In  some  cases  television  would  permit  use  of  a 
leas  expensive  test  facility,  i.e.  lesa  secure,  as  ultimate 
orotection  for  personnel  would  not  be  required. 

15.5.3.2  TEST  MEDIUM.  The  teat  i..edium  uaed  to  conduct 
the  proof  pressure  test  may  affect  the  rerjtti  of  the 
external  leakage  test,  and  this  point  should  be  considered  in 
•electing  the  presaurant.  A  pressure  vessel  (e.g.,  tank  or 
valve  body)  may  contain  tiny  capillary  leak  paths  which 
tend  to  close  under  the  application  of  liquid  pressure.  When 
the  pressure  ia  removed,  the  liquid  tends  to  remain  in  the 
cavity ,  thus  dealing  off  potential  leak  paths.  If  an  external 
leak  test  is  conducted  immediately  after  a  procf  pressure 
test,  an  erroneous  indication  of  zero  leakage  may  result.  If 
'  such  a  possibility  exists  for  a  given  component,  gas  should 
be  used  aa  the  presaurant  or  the  specimen  should  he 
carefully  dried,  preferably  at  elevated  temperature  and  in 
vacuum,  prior  to  the  leakage  teat.  The  teat  fluid  should 
always  be  compatible  with  the  test  specimen. 

Hydrostatic  teste  are  usually  preferred  for  pressure  vessels 
because  of  the  significantly  less  severe  react'on  to  rupture. 
Because  of  energy  stored  in  compressed  gas,  failure  of  the 
unit  barged  with  gas  will  produce  an  explosion  and  blast 


i  ffect  comparable  to  a  bomb  of  similar  slxe,  whereas  a 
rupture  in  a  property  conducted  hydrostatic  te»  t  may  result 
in  a  spU  or  crack,  after  which  the  pressure  falls  to  aero 
almost  instantly.  However,  any  entrapped  gas,  especially  at 
extreme  pleasures,  can  cause  a  lethal  explosion,  the  violence 
of  which  wlil  be  in  proportion  to  the  amount  of  gaa  In  the 
vessel.  Although  hydrostatic  teats  sre  much  •af'r  than 
pneumatic  teats,  they  should  be  conducted  in  a  closed 
chamner  to  stop  Dying  fragments.  This  chamber  may  be 
something  as  simple  as  a  plywood  box  or  cover. 

15.5.3.3  TE8T  PROCEDURE.  The  setup  for  an  overpres¬ 
sure  te.it  (proof  or  burst)  requires  a  suitable  facility,  teat 
medium,  source  of  pressure,  end  Instrumentation.  Prior  to 
inst'lation  in  a  teat  setup,  It  may  be  desirable  to  record 
various  dimensions  of  the  test  specimen  no*,  previously 
obtained.  These  dimensions  may  be  compared  to  those 
taken  after  the  test  to  determine  any  permanent  set  which 
may  have  occulted.  In  conducting  b»>rst  teats  on  prevure 
vessels,  it  la  often  helpful  to  paint  a  numbered  grid  on  the 
vessel  to  assist  in  leassembllng  the  fragments  after  the  burst. 
In  some  cases,  measurement  of  strain  and  permanent  set  of 
a  pressure  vessel  is  mandatory.  One  rich  example  Is  the 
requirement  by  the  Interstate  Commerce  Commission  that 
such  date  be  recorded  during  the  hydrostatic  pro>f  pressure 
testing  of  co.mpreased  gas  cylinders.  The  method  used 
during  these  teste  is  Illustrated  in  Figure  15.5.3.3a.  To 
conduct  the  teat,  the  valve  is  removed  from  the  cylinder 
and  the  cylinder  ia  filled  with  water.  A  flange  containing  a 
suitable  nipple  ia  then  threaded  into  the  neck  of  the 
cylinder,  and  the  cylinder  ia  lowered  Into  a  larger  tank 
which  ia  also  filled  with  water.  The  flange  ia  secured  by  r 
clamp,  and  pressure  is  applied  to  the  cylinder.  As  the 
pressure  In  the  cylinder  rises,  the  cylinder  expands  slightly, 
displacing  water  from  the  outer  cylinder  into  an  external 
manometer.  The  manometer  it  calibrated  to  Indicate  the 
maximum  strain  permissible  and  is  »>v>  marked  to  indicate 
the  maximum  permissible  permanent  act  Any  indication  of 
exceaa  strain  or  excess  set  Is  cause  for  rejection. 


Figure  15.5.3.3s.  Hydrostatic  Test  of  Prsssur*  Vassal 

(Adapter"  with  permission  from  "Methods  of  Hydrostatic  Tatting  of 
Comprauad  Gst  Cylinders",  Comp  rets  ad  Gat  Association.  Ire.,  New 
York,  New  York) 

Unless  some  information  regarding  possible  residual  set  is 
obtained  in  a  proof  test,  there  is  no  guarantee  that  the  unit 
will  meet  the  proof  pressure  requirements  upon  a  second 
application  of  pressure.  This  fact  ahould  be  carefully 
considered  before  a  second  application  of  proof  pressure  is 
made  to  the  unit. 
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A  typical  overpressure  Mat  ntvp  and  data  (hasi.  ara  shown 
in  Figure  lS.6J.Sb.  Note  that  the  vent  valva  i«  ahown  on 
tha  top  of  tha  unit  It  ia  vary  important  that  no  trapped  air 
remain  in  the  teal  apecimen  during  a  hydrostatic  tost;  even  a 
tunall  volurr.e  of  air  at  extreme  praaaurea  can  drastically 
change  the  charactariatica  of  the  explosion  should  a  failure 
occur.  Teat  epacimana  of  odd  conflgurationa  should  be 
turned  and  rotated  to  allow  trapped  si'  to  rise  to  Inr  high 
point  and  be  Med  off,  or  the  unit  may  be  evacuated  with  u 
vacuum  pump  and  then  allowed  to  fill  with  thr>  test 
msdlum. 
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Figura  15.5.3.3b.  Typical  Data  Sheet  —  Proof  or  Burst  Test 


Pressure  date  may  be  obtained  by  visual  observation  of  the 
gauge  or  by  meant  of  a  transducer  and  a  strip  chart 
recorder.  8train  may  be  recorded  by  use  of  bonded  strain 
gauges  or  by  tha  hydrostatic  displacement  technique 
deecribed  above.  If  the  intent  of  the  burst  test  ia  to  take  tha 
unit  to  deatructio.1,  the  precise  point  of  failure  may  easily 
be  recorded  by  uae  of  a  continuity  circuit  on  the  test 
specimen.  The  point  of  failure  is  indicated  on  the  chert 
when  the  circuit  ia  broken.  If  tha  pressure  is  being  recorded, 
tha  trace  will  indicate  the  point  of  failure  by  pressure 
decay. 

In  some  caaes  it  ia  practical  to  provide  a  cryogenic 
environment  for  tha  specime..  under  teat  as  ahown  in  Figure 
15.8.3.3b  by  immersing  the  unit  in  a  *ank  of  LN2  or  other 


suitable  cryogen  Thm  technique  la  of  veto#  when  the 
neceaaary  teat  pressure  sieada  that  which  ia  available  with 
the  cryogenic  teat  fluid,  but  ueueily  requires  gaa  aa  a 
pressurising  fluid.  Oas  preasurant  must  also  net  condense  at 
cryogenic  temperatures,  so  gaseous  heiium  it  generally  uaed. 
Because  the  strength  of  many  materials  It  significantly 
improved  1 1  low  temperature,  it  is  iwrmary  to  either  teat 
rt  the  proper  temperature  or  10  make  allowance  for  the 
decrc.isrd  strength  if  the  te:.t  is  conducted  at  ambient 
temperatures.  If  'he  specimen  Is  an  insulated  tank  the 
immersion  method  may  not  be  used,  end  filling  and  testing 
with  cryogenic  teat  fluid  is  required. 

16  5.3.4  POST  TrST  EXAMINATION.  At  the  conclusion 
of  a  proof  pre*>ure  teat,  the  unit  should  be  examined  for 
evidence  of  distortion,  permanent  set,  or  other  modes  of 
failure.  A.similar  examination  is  made  at  the  conclusion  of 
t  burst  test.  In  the  event  that  the  unit  ruptures  during  the 
burst  teat,  the  fragments  should  be  collected  to  determine 
tha  nature  of  tha  failure,  with  particular  emphasis  on 
examination  of  welded  areas. 

15.6.4  fltigi 

Leakage  rates  vary  from  molecular  flow  at  one  extreme  to  a 
rate  of  several  cubic  feet  per  minute  at  the  other.  Molecular 
flow  rates  ara  encountered  with  static  seals,  shutoff  valves, 
and  diffusion  phenomena.  The  larger  flow  rates  are  encoun¬ 
tered  in  special  valvaa  for  ground  support  equipment  where 
relatively  large  leak  rates  are  inherent  in  design  (such  aa  the 
Meed  leakage  encountered  in  a  servo  operated  valve).  A 
high  leakage  rate  that  is  tolerable  may  be  used  because  it 
permits  more  economical  construction.  The  method  uud  to 
detect  or  measure  leakage  will  depend  on  the  teat  medium 
and  on  the  rate  of  leakage.  Some  of  the  specific  meihodt 
for  detecting  or  measuring  leakage  are  discussed  below. 
Moat  of  the  leak  measurement  techniques  described  in 
Detailed  Topic  15.5.4.2  may  also  be  used  for  leak 
detection. 

15.5.4.1  LEAK  DETECTION.  An  excellent  compendium 
of  commercially  available  leak  detectors  is  contained  in  a 
report  titled  “Characteristics  and  Sources  of  Commercially 
Available  Leak  Detectors”  by  A.  J.  Bialoua  of  the  General 
Electric  Company  (Reference  46-42)  This  report  pub¬ 
lished  in  June  1967,  lists  22  different  types  of  leak 
detectors,  provides  data  sheets  describing  the  operation  and 
performance  characteristics  of  each,  and  lists  such  data  as 
the  manufacturer’s  name  and  address,  availability  of  the 
various  units,  price,  and  delivery.  A  discussion  of  those 
methods  that  are  applicaMe  to  the  leakage  rate  levels  being 
considered  is  presented  below. 

Immersion.  A  form  of  a  teat  which  requires  no  special 
equipment  involves  a  total  immersion  of  the  test  specimen. 
The  specimen  should  be  immersed  to  a  depth  just  sufficient 
to  cover  the  entire  surface.  In  some  cases,  immersion  to  a 
further  depth  would  affect  the  reading  due  to  the  static 
head  of  fluid  over  the  leak  area.  Water  is  a  convenient  and 
inexpensive  test  fluid  to  use  with  this  procedure  but  has 
io*(  disadvantages  which  may  dictate  the  use  of  another 
fluid.  For  example,  water  may  rust  or  corrode  the  test 
specimen  or  cause  electrical  problems  and,  in  some  caaes,  is 
difficult  to  remove  at  the  conclusion  of  the  test.  Alcohol  or 
Treon  is  sometimes  used  in  lieu  of  water  to  eliminate  thesn 
problems;  these  fluids  have  the  added  advantage  of  forming 
tmnller  bubbles  and  are  therefore  more  sensitive.  They  can 
also  be  used  at  a  lower  temperature  than  water.  External 
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leaxage  letting  of  cryogenic  apparatus  may  b«r  accomplished 
by  total  immersion  in  liquid  nitrogen.  One  of  the  difficul¬ 
ties  normally  encountered  with  this  procedure  it  that  the 
nitrogen  usually  boils  rather  violently  for  u  considerable 
period  of  time  before  stabilization  is  reached.  Furthermore, 
if  there  ii  any  continuous  input  of  heal,  as  from  .1 
electrical  system  or  warm  fluids  (loving  through  the  unit, 
the  boiling  will  continue  and  make  the  detection  of  the  leak 
impoasible.  This  problem  may  lie  avo  ded  by  fitting  the 
container  with  «  plastic  lid  which  has  sufficient  strength  to 
maintain  a  slight  pos;tive  pressure  of  several  psi  over  the 
LN2.  The  containment  will  change  the  boiling  point  of  the 
liquid,  causing  the  boiling  to  stop,  which  will  then  permit 
detection  of  thiWhak. 

A  method  which  is  used  to  test  electronic  components 
(resistors)  will  be  briefly  discussed  to  illustrate  a  method 
which  is  potentially  applicable  to  aerospace  fluid  compo¬ 
nents.  In  this  test,  the  resistors  are  heated  by,  immersing 
them  in  a  heated  bath  of  liquid.  The  heat  from  the  bath 
causes  the  air  or  gas  trapped  inside  the  ccmpone  <t  to 
expand,  and  a  differential  pressure  of  approximately  3.5  psi 
can  be  achieved  with  water  at  203°F  (95°C)  and  G.2  psi 
with  silicon  oil  at  338°F  (170°C).  In  an  alternate  method, 
the  components  are  submerged  in  a  liquid  and  a  vacuum  is 
applied  to  the  bath  which  can  be  made  to  create  a 
differential  pressure  •>'  almost  one  atmosphere.  In  this 
procedure,  care  must  I;  taken  not  to  reduce  the  pres.-ure  to 
such  a  low  valuv  that  the  liquid  would  boil  and  make 
detection  cf  leaks  impossible. 

Hubble  Test.  A  bubble-  test  is  conducted  by  applying  a 
special  liquid  to  the  area  to  be  tested;  if  a  leak  is  present, 
small  bubbles  form  in  the  liquid.  Ordinary  soap  solution 
may  he  used;  however,  the  advantage  of  some  commercial 
products  is  their  compatibility  wi  h  normally  encountered 
fluid  system  media  such  as  oxygen.  In  addition,  mo't 
proprietary  liquids  leave  no  residue  and  arc  likely  to  be 
more  consistent  in  operaticn  than  a  soap  solution.  Solu¬ 
tions  are  available  that  operate  tc  -65°F  A>th  a  leak 
detection  sensitivity  of  10  ■"*  secs. 

Sonic  Leak  Detector.  Sonic  leak  detectors  are  very  useful 
for  disclosing  leaks  in  pressurized  (not  evacuated)  fluid 
systems.  These  units  employ  a  highly  directional  probe 
which  is  aimed  at  the  pipe  or  tubing  being  inspected.  If  a 
leak  exists,  the  noise  of  the  leakage  is  amplified  by  the  unit, 
and  ihe  signal  is  transmitted  to  a  head  set  or  an  external 
speaker.  Pc  rtable  uniti  ai available  which  permit  rapid 
inspection  of  p-  relines.  These  units  do  no*  permit  quantita- 
iiva  measurements  of  leakage.  (See  Detailed  Topic 
5.17.5.3.) 

Halogen  Leak  Detector.  The  halogen  leak  detector  is  used 
extensively  in  the  production  testing  of  commercial  equip¬ 
ment  such  as  household  refrigerators.  However,  it  is 
include  1  here  because  the  characteristics  of  the  method  are 
useful  in  testing  certain  aerospace  components  or  equip¬ 
ment,  e.g.,  any  component  tested  with  Freon. 

The  detector  uses  a  red  hot  platinum  or  ceramic  filament 
which  emits  positive  ions.  The  presence  o!  small  traces  of 
haloger  vapors  markedly  increases  the  emission  of  positive 
ions.  The  increase  in  emissioi  cauv>s  a  change  in  a  meter 
reading  or  actuates  relays  which,  in  turn,  may  be  connected 
So  various  audio  amplifiers  'nd  other  signalling  equipment. 
Freon  is  a  liquid  containing  bo*h  chlorine  and  fluorine 
(halogens)  jr.d  may  be  readily  used  as  a  tracer  gas. 


One  of  the  moat  valuable  characteristics  of  the  halogen 
method  is  its  extreme  sensitivity,  which  is  on  the  order  of 
one  part  per  biTion  of  halogen  In  air.  This  corresponds  to  a 
leakage  rate  of  1  x  10'®  sees. 

The  equipment  for  conducting  this  teat  is  simp1*,  portable, 
and  relatively  inexpensive  (prices  range  from  $  1 00  to 
$1000).  General  Electric  and  Dovco  Engineering  are  two 
manufacturers. 

The  greatest  advantage  of  the  heated  anode  halogen  leak 
detector  is  that  the  detector  operates  in  air,  unlike  e  mass 
spectrometer  which  requires  a  high  vacuum  s.nd  the 
associated  expensive  vacuum-producing  equipment.  A  H*gh 
level  of  skill  is  not  required  for  operation  of  the  unit  and 
personnel  may  be  trained  to  use  it  in  a  short  period  of  time. 
The  unit  may  be  very  advantageously  used  in  detecting 
small  leaks  in  hydraulic  components.  The  hydraulic  cil  used 
in  such  components  tends  to  clog  very*  small  leaks  which 
may  thus  escape  detection  for  a  long  period  of  time. 
However,  halogen-containing  gases  are  soluble  in  this  oil 
and  will  diffuse  through  the  leak  path  and  be  identified  by 
the  detector. 

The  chief  disadvantage  of  this  system  is  that  the  detector 
will  respond  to  any  gas  which  contains  a  halogen  com¬ 
pound.  Examples  of  compounds  which  could  con'aminstc 
the  area  a*?  solder  fluxes,  cleaning  compounds,  and  aerosol 
container  propellants.  Provisions  must  be  made  to  ensure 
tha*  such  backgrounds  are  eliminated  from  the  test  area. 
The  halogens  used  in  testing  are  ot  a  very  high  molecular 
weight,  and  therefore  the  diffusion  rate  is  very  slow.  If  a 
large  system  is  to  be  tested,  provisions  shot  be  made  to 
ensure  that  sufficient  time  has  been  allowed  for  migration 
of  the  tracer  gas  to  all  parts  of  the  system;  otherwise,  the 
system  mast  be  evacuated  prior  tc-  injection  of  tne  tracer 
gas.  Also,  because  of  the  low  diffusion  rate,  the  tracer  gas 
may  be  trapped  in  cavities  and  give  a  fclse  reeding  during  a 
subsequent  test,  even  though  the  latter  test  is  conducted 
many  hours  after  the  initial  test.  Finally,  as  the  element  of 
the  unit  operates  at  both  a  high  temperature  and  a  high 
voltage,  care  must  be  e>  rcised  o  ensi  e  that  the  element  is 
never  inserted  into  an  explosive  utmo.  -here.  Proper  protec¬ 
tion  for  personnel  should  be  provided  through  proper 
grounding. 

Chemical  indicators  (Dye).  Numerous  chemical  com¬ 
pounds  which  detect  leakage  or  defects  by  color  indication 
are  on  the  Market.  Some  dyis  are  used  internally  and 
consist  of  eithe»  water  or  oil-soluble  compounds  which  are 
used  with  the  normal  sy-t-in  operating  fluid.  In  the  event 
of  a  leak,  a  stain  will  app  ar  externally  at  the  loertion.  The 
sensitivity  of  these  dyes  can  be  extended  by  the  use  of  an 
ultraviolet  or  a  fluorescent  light.  Other  chem'cals  are 
available  for  spraying  or  applying  to  the  external  surfacer  of 
a  specimen,  and  if  a  crack  or  hole  exists  the  chemical  -/ill 
penetrate  the  defect,  which  is  then  readily  detected  by  the 
use  of  a  fluorescent  or  ultraviolet  light.  Care  must  be  taken 
to  assure  that  the  fluid  being  used  is  compatible  with  the 
flow  medium  of  the  unit  being  tested, 

Chemical  ’ndicators  (Reagmtt).  Chemical  "eage:.i-type  de¬ 
tectors  are  available  for  detecting  ieaks  of  vecifi;  gasea.  In 
some  units  a  color  change  is  effected  in  u  sensor,  and  this 
charge  in  color  may  be  detected  by  a  photoelectric  cell 
which  i?  used  to  actuate  another  t’evic*  such  as  a;,  alarm  or 
ventilating  system.  Another  apparatus  involves  the  use  of 
reagent  tubes  which  are  available  fc-  many  different 
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specific  gases.  A  sample  is  drawn  through  the  tube,  and  the 
change  in  color  is  compared  to  a  calibrated  chart  to 
approximate  the  concentration.  The  sensitivity  of  this 
device  ranges  from  40  to  260,000  ppm. 

Odorizing  Agent.  An  odorizing  agent  which  helps  detect 
leaks  may  be  added  to  a  gas  system.  A  familiar  application 
of  this  method  is  found  in  gas  used  for  domestic  service, 
which  is  odorized  to  warn  householders  of  leaks. 

15.5.4.2  LEAK  MEASUREMENT.  Most  of  the  following 
leak  measurement  techniques  may  also  be  used  for  leak 
detection. 

Flow  Mater*.  Many  suitable  flow  meters,  as  described  in 
Sub-Section  5.17,  may  be  uaed  for  leakage  measurement. 
The  tapered  glass  tube  and  float  types  are  frequently 
convenient  tr  give  an  instantaneous  reading;  a  sufficient 
range  of  size  is  available  to  handle  moat  of  th<  normally- 
encountered  leakage  situations.  This  ty  pe  of  meter  is  more 
convenient  than  an  orifice  meter  for  measuring  leakage 
rates  since  it  is  more  compact  and  simpler  to  set  up. 

htauR  Change.  The  system  or  component  may  be  either 
pressurized  or  evacuated  and  the  gas  leakage  calculated  by: 


where 

Q  »  volumetric  leakage 

V  "  system  volume 

AP  ■  pressure  change  during  test 

T  *  duration  of  the  test 

Any  consistent  system  of  units  may  be  used. 

The  accuracy  of  the  procedure  is  high  in  the  pressurized 
mode;  however,  in  the  evacuated  i  ode,  poeaible  out  passing 
of  the  specimen  during  the  test  may  reduc-  the  accuracy. 

Two  difficulties  are  encountered  with  the  pressure  change 
procedure.  The  first  is  accurately  determining  the  volume 
of  the  system  or  the  component,  and  the  second  is 
determining  what  temperature  change*,  if  any,  have  taken 
place  during  the  test.  In  some  cai.es  a  small  component  may 
be  filled  with  a  known  volume  or  weight  of  liquid.  On  a 
targe  system,  known  leakage  may  be  added.  From  this 
calibrated  leak  and  the  changes  in  the  system  pressure  that 
result,  the  intern'd  volt  <e  of  the  system  may  be  calculated. 

Temperature  errors  may  be  minimized  in  several  v/ays.  In  a 
small  system,  the  test  may  be  conducted  in  a  temperature- 
controlled  ana.  Also,  thi  system  or  unit  .nay  be  instru¬ 
mented  at  various  points  to  provide  temperature  data.  On  a 
lr;ge  system,  a  reference  volume  may  be  installed  at  one  or 
more  points  within  the  system;  pressure  changes  in  the 
reference  volume  may  be  determined  and  the  temperature 
of  the  test  specimen  may  be  calculated. 

Th..-  pressure  change  technique  has  been  used  to  test 
extremely  large  systems  ruch  «s  a  190-foot  diameter  sphere 
of  3.C  million  cubic  feet  volume  containing  a  nue'ear 
reactor.  The  procedure  has  bean  prepared  as  a  specifier  tior. 
by  the  Standards  Committee  of  the  American  Nuclear 
Society  for  Leakage  Rate  Testing  of  Containment  Stric¬ 
tures  of  Nuclear  Reactors  (Reference  46-41). 


Weight  Change.  Weight  of  the  fluid  may  be  used  as  a 
measure  of  leakage,  if  the  fluid  it  a  gaa,  the  weight  change 
of  the  vessel  is  de  aimined.  If  the  fluid  is  a  liquid,  the 
change  in  the  weight  ot  the  vessel  may  be  determined  or  the 
effluent  may  be  collected  over  a  period  of  time  and  the 
flow  rate  calculated. 

Liquid  Level  Change.  Change  in  liquid  level  over  a  period 
of  time  may  be  used  to  determine  leak  rate  if  the  liquid 
holding  vessel  can  be  calibrated.  In  a  vertical  cylindrical 
tank,  a  plastic  tube  may  lie  connected  to  the  top  and 
bottom;  changes  in  liquid  level  may  be  observed  In  the 
tube.  When  using  this  procedure  it  may  be  necessary  to 
consider  the  change  of  pressure  on  the  component  along 
with  the  change  of  liquid  level.  If  the  tank  it  pressurized 
from  an  external  source,  the  change  in  head  may  be 
insignificant  as  compared  with  the  total  pressure. 

Volume  Displacement.  Volumetric  displacement  of  a  fluid 
is  a  common  method  of  leakage  measurement.  One  com¬ 
mercial  device,  described  In  Reference  46-42,  incorporates  a 
precision  adjustable  piston.  The  device  is  connected  to  the 
test  specimen,  and  afier  a  known  period  of  time,  the  piston 
is  adjusted  to  restore  the  original  system  pressure.  The 
displacement  of  the  piston  is  read  on  a  dial  aa  a  volume  In 
cubic  inches.  The  volumetric  change  is  then  converted  to  a 
leakage  rate.  The  claimed  adjustment  ranges  from  1C"6  to 
0.88  cubic  inch  with  an  accuracy  of  0.1  pais.  A  less 
sophisticated  method  of  measuring  leakage  by  volumetric 
displacement  involves  the  use  of  l  conventional  buret  and  a 
suitable  tubing  connection.  Two  methods  of  using  these 
burets  are  described. 

For  leakage  of  approximately  100  scch  a  :onventional 
method  of  displacing  water  from  an  inverted  buret  is 
satisfactory  using  a  100  milliliter  buret.  However,  for 
smaller  leakage,  tubes  ranging  from  1  to  10  milliliters  are 
used  to  reduce  the  test  time.  With  the  smaller  tubing,  a 
problem  is  encountered  with  lerge  gas  bubbles  which  tend 
to  stick  at  the  base  of  the  tube.  This  difficulty  may  be 
overcome  by  using  a  leveling  buret  procedure  in  which  the 
gas  is  introduced  at  the  top  of  the  tube  and  level  U 
maintained  by  manually  adjusting  the  height  of  the 
reservoir  aa  shown  in  Figure  15.5.4. 4r.  This  method  yields 
an  accuracy  of  approximately  ±5  with  readings  as  low  as  1 
scch. 

Water  displacement  is  a  common  method  of  measuring  gas 
leakage.  A  plastic  tube  is  connected  to  a  convenient  part  on 
the  component;  the  other  end  of  the  plastic  tube  is  inserted 
in  an  inverted  buret  which  is  filled  with  water.  External 
leakage  of  a  valve  or  component,  may  be  measured  in  this 
manner  by  enveloping  the  component  in  a  plastic  bag  to 
which  the  piaatic  tube  is  secured  by  tape.  The  ether  end  of 
the  piaatic  tube  it  inserted  in  the  buret.  Thu.  method  may 
be  used  in  hazardous  areas.  The  amount  of  u.  ater  displaced 
may  be  measured  when  it  is  convenient  or  safe. 

A  similar  procedure  may  be  used  to  check  the  leakage  of  a 
flanged  joint.  The  flanged  joint  is  sealed  with  masking  tape 
through  which  the  plastic  tube  is  inserted  and  the  measure¬ 
ment  conducted  as  before.  If  a  quantitative  reading  is  not 
required,  the  flange  msv  be  taped  and  the  leakage  observed 
through  a  small  he!?  in  the  tape  to  which  a  leak  detec  to- 
solution  has  been  applied. 

Capillary  Tube  Flow  Measurement.  One  of  the  common 
testing  methods  uses  a  horizontal  capillary  tube  as  illus¬ 
trated  in  Figure  15.5.4.2b.  A  1.5  miilitncte*  glass  capillary 
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may  be  uaed  to  measure  leakage  rates  f'om  10' 2  to  1  sees 
and  a  6  millimeter  glan  capillary  may  he  uaed  for  measuring 
leakage  rates  from  i0'4  to  10'2  sees.  In  operation,  the 
capillary  is  filled  wit»i  water  and  shaken  to  generate  one  or 
more  liquid  plugs  within  the  tube.  The  tube  is  held  in  a 
horisontid  position  and  leakage  is  determined  by  timing  the 
movement  of  the  plug  (or  air  bubble)  between  the 
calibrated  marks  along  th"  tube.  The  insido  of  the  tube 
should  be  clean  to  minimize  errors;  errors  may  be  reduced 
further  by  coating  the  inside  of  the  tube  with  an  organo 
silicone  compound.  This  compound  prevents  the  water 
from  wetting  the  glass. 

using  any  of  the  above  procedures,  it  is  mandatory  that 
ehher  temperature  changes  be  kept  to  a  minimum  or  the 
temperatures  recorded  so  that  the  necessary  corrections 
may  be  effected. 

Bubbleometer.  Another  form  of  bubble  test  involves  the 
use  of  a  Bubbleometer ,  manufactured  by  the  Bubble  O 
Meter  Company  of  Temple  Ci.y,  California.  This  inexpen¬ 
sive  device  consists  of  a  glass  tube  having  three  diameters 
along  its  length,  which  in  effect  gives  three  sensitivity 
ranges.  See  Figure  15.6.4.2c.  The  rubber  bulb  at  the 
bottom  is  filled  with  soap  solution,  and  when  the  buib  is 
squeezed,  one  or  more  films  will  form  in  the  tube.  The  rate 
ot  movement  of  these  films  provides  an  accurate  indication 
of  the  leak  rate.  A  nomograph  is  provided  with  the  device 
to  facilitate  conversion  to  volumetric  flow  units. 


Flgurs  15.5.4.2c.  Leak  Tast  Method,  Using  BubMoomotar 

(Courtesy  of  Bubble  O  Meter  Compeny.  Temple  City.  Cellfomie) 


Maas  Spectrometer.  The  mass  spectrometer  (see  Detailed 
Topic  5.17.7.2)  io»tisee  molecules  and  *nparates  them 
according  to  their  mass  in  a  magnetic  and  electrostatic  field. 
In  leak  testing,  the  mass  spectrometer  is  used  as  a  detector 
for  i  tracer  gas,  usually  helium.  When  a  leak  occurs,  an 
increase  in  current  in  the  spectrometer  tube  results.  The 
current  is  read  out  by  a  meter  calibrated  in  terms  of  mass 
flow.  The  mass  spectrometer  is  one  of  the  most  commonly 
used  leak  testing  devices  and  has  a  sensitivity  of  one  part  of 
helium  per  ten  million  parts  of  gas. 

Gas  molecules  from  s  sample  drawn  from  the  unit  are 
ionised  by  s  bombarding  beam  of  electrons.  Resultant 
positive  ions  are  accelerated  by  the  iufiuencT  of  high 
voltage  into  a  magnetic  field.  Hie  direction  of  the  magnetic 
field  is  perpendicular  to  the  plane  of  the  main  path  of  the 
ions.  Under  the  influence  of  this  magnetic  field,  ions  of 
different  masses  travel  on  arcs  of  different  radii;  ions  of  s 
preselected  mass  may  be  directed  and  collected  on  an 
electrode.  From  the  electrode  the  ions  leak  to  ground 
through  a  high  T  slue  resistor.  The  current  generated  by  this 
passage  of  ions  is  amplified  and  road  out  on  u  meter 
calibrated  in  suitable  units. 

Helium  is  used  as  a  trac?  gas  for  four  p  incipal  reasons: 
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1)  Helium's  low  molecular  weight  permit*  it  to  diffuse 
through  t  leek  with  greater  ease  than  any  other  gaa 
exeept  hydrogen 

2)  Helium  occur*  in  the  atmosphere  to  cn  extent  of  oniy 
one  part  in  200,000,  minimising  background  effects 

3)  There  to  little  poeaibility  that  an  ion  from  another  gas 
wogild  give  an  indication  that  would  be  mistaken  for 
helium  because  of  the  great  difference  between  the 
weight  of  helium  and  that  of  any  normally-encountered 

gaa 

4)  Helium’s  low  molecular  weiaht  makes  possible  a  simple 
construction  for  the  mass  spectrometer. 

There  are  numerous  procedures  for  leak  detection  with  die 
mass  spectrometer,  but  basically  the  procedure  to  el, ter  to 
sense  outward  leakage  from  a  pressurized  system  or  inward 
leakage  to  a  system  that  has  been  evacuated.  A  pressurised 
tank  which  contains  a  source  of  helium  end  is  probed  on 
the  outside  to  an  example  of  the  former  procedure;  e  direct 
connection  to  an  svacuated  vessel  which  to  grayed  on  the 
outside  with  helium  to  an  example  of  the  letter  procedure. 
Television  picture  tubes  are  normally  tested  by  connecting 
e  detector  to  the  evacuated  tube  after  which  helium  to 
ip  ray  so  over  the  outside  of  the  tube.  Any  indication  on  the 
detector  to  evidence  of  e  leak.  See  Figure  lS.6.4.2d. 

Relatively  little  s~iki  and  training  ate  involved  in  the  use  of 
the  mess  spectrometer  on  routine  production  tests.  This 
presumes  that  skilled  personnel  ere  available  for  main¬ 
tenance  and  checkout.  On  more  complex  test  setups,  a 
sk*Ued  operator  to  required  to  cope  with  such  variables  as 
<.hangss  in  temperature,  sensitivity,  and  the  origin'll 
calibration. 

Radiobotops  hretdum.  A  procedure  known  as  rad'flo  has 
been  developed  for  the  mass  production  testing  of  small 
electrical  components  such  *s  sealed  transistors  and  relays. 
Since  the  initial  expenditure  for  the  equipment  to  high  and 
it  to  more  suited  to  high  production  volumes,  the  method  to 
not  likely  to  find  e  great  deal  of  application  in  the 
manufacture  or  testing  of  aerospace  fluid  components. 
However,  it  to  mentioned  end  described  because  the 
technique  could  be  applicable  in  special  situations. 

The  procedure  consists  of  putting  tha  components  to  be 
tested  inside  a  tank  which  to  then  sealed  and  evacuated  to 
about  2  tore.  Krypton  86,  which  Las  been  diluted  with  air, 
to  then  pumped  into  the  tank  under  pressure.  The  radio¬ 
active  gas  diffuse*  ir.to  any  leaks  in  the  components,  and 
after  a  prescribed  soaking  period  from  a  tew  minutes  to 
several  nundred  hours,  the  krypton  to  pumped  out  of  the 
tank  and  stored  fer  reuse.  The  tank  to  then  flushed  with  air, 
and  the  components  are  removed  and  acanncd  for  radiation. 

Under  the  proper  0|>ersung  conditions,  the  ser.s  tivity  of 
the  technique  may  be  as  high  aa  10*13  Keg  and  this  high 
sensitivity  constitutes  one  of  the  chief  advantages  of  the 
method.  A  more  complete  discussion  of  the  technique  is 
contained  in  Reference  3b0-8. 


15.5.4.3  LEAKAGE  MEASUREMENT  CORRELA¬ 
TION.  Moat  leckage  testing  to  conducted  using  nn  inert  gas, 
usually  helium  or  nitrogen,  to  perform  the  uctuel  leakage 
meaauieme.it  It  to  often  deeirabie  to  know  what  the 
leakage  characteristic  of  the  component  will  be  with 
another  fluid,  eithe  i  gw  or  a  liquid,  under  various 
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operating  eondlUoat  Accurate  prediction  of  operating  fluid 
leakage  bond  upon  leek  teet  dele  1*  extremely  difficult  for 
the  following  reasons. 

e)  11m  geometry  of  the  leek  it  usually  unknown. 

e)  The  actual  leakage  rate  ia  a  function  of  toe  (lot.  ragime 
or  flow  regime*,  which  are  in  turn  a  function  of  fluid 
properties,  leak  path  geometry,  and  praam  re. 

c)  The  geometry  of  the  leak  path  may  be  changed  with 
preeaure. 

d)  With  liquid*,  surface  tension  effects  may  cause  complete 
plugging  of  the  leak  path  resulting  In  true  aero  leakage. 

e)  Numerous  other  phenomena  such  as  well  wetting, 
surface  absorption,  chemisorption,  fluid  evaporation, 
polarisation,  and  seel  permeation,  nay  ali  combine  to 
influence  actual  results. 

Zero  Leakage.  The  first  serious  attempt  at  providing  e 
criterion  for  «»’'  "quid  leakage  end  for  correlating  gueous 
leekags  flow  Ust  data  was  provided  in  Reference  12-10. 
Reference  12-10  defines  wro  Usum  leakage  m  that  vnhie  of 
liquid  luk  or  flow  rate  at  whim  the  surf  me  tension  of  the 
liquid  hm  just  overcome  the  praesura  acting  on  the  liquid 
end  no  flow  oc—vjs,  assuming  a  given  pressure  end  leak  path 
dianwter.  2«  gas  ieekagr  as  such  does  not  ex  tat  as  far  as 
laboratory  r.  junnenb  have  thus  far  been  able  to 
determine  because  of  the  limitations  of  laboratory  Instru¬ 
ments.  Therefore  an  arbitrary  curve  was  eomtn  cted  m 
rhown  in  Figure  13.5.4.S:  lor  tee  u  i  specification 
standard. 


Figure  1S.&4.3e.  Zr.ro  Oas  Laahace  Arbitrary  Definition 
;  It  fanner  12-10) 


Figure  15.5.4.1a  is  a  straight,  sloped  curve  with  e  discon¬ 
tinuity  at  the  leakage  value  of  1  x  10* '  std  cm3/sec  at 
which  point  the  line  is  translated  but  maintains  its  original 
slope.  The  lower  portion  of  the  curve  is  based  on  the  basic 


ooint  of  1  std  cn>3/yr  at  1  atm  differential  pressure.  Other 
points  making  np  that  portion  of  Mm  curve  ware  obtained 
from  the  cotreietloa  of  the  1  std  em*/yr  with  equhraient 
flew  rates  at  the  other  pleasures  using  the  fluid  conversion 
graph.  However,  the  knowledge  of  future  propuLdon  system 
requirements  dictated  that  the  maximum  acceptable  equiva¬ 
lent  leakage,  as  originally  contracted,  was  too  great  at  the 
higher  pressures.  Hence,  the  arbitrary  decision  wee  made  to 
shirt  a  port  of  the  curve  upward  at  1  x  IF*  std  cm3 /sec. 

Om/LlanM  Leakage  Cocralottem.  Two  basic  mihou  an 
presently  available  for  predicting  liquid  leakage  based  upon 
gmeoun  leak  teat  data.  Both  methods  an  valid  only  in  the 
lonincr  flout  ragf me,  which  many  authors  hive  shown  to  be 
the^pndominsto  flow  tegiae  for  leeks  ranging  from  IF1  to 
IF®  atm  ec/eec  (Reference  46-41).  Both  of  theoe  tech- 
niques  have  been  studied  by  the  General  Electric  Company 
under  NASA  contracts  and  an  presented  hen  in  ve~y 
ebbeeviatrd  term.  Further  details  may  be  obtained  from 
References  12-10,  46  41,  end  46-15. 

Figure  15.5.4.3b  shows  a  simplified  version  of  the  laminar 
conversion  graph  from  Reference  12-10  with  a  sample 
problem  to  illustrate  its  use.  The  guidelines  with  e  Uope  of 
2:1  located  ou  the  right-hand  side  represent  the  gas  flow 
equations;  while  the  guidolhno  having  a  1:1  elope  located 
or  the  left-hand  side  represent  the  liquid  flow  equation. 
Correlating  one  fluid  to  the  ofher  require*  drawing  lines 
parallel  to  tne  guideline*.  The  discontinuity  found  between 
the  ga*  flow  and  liquid  flow  guidelines  is  only  the  result  of 
the  original  drawing  style.  However,  e  transition  between 
gas  end  liquid  flow  to  illustrated  in  the  nomograph.  The 
gradual  bend  represents  exhaust! or  to  stmospr.stfic  condi¬ 
tions.  A  sharp  or  sudden  change  from  liquid  to  gas,  or  vice 
vena,  represents  exhaustion  to  vacuum. 

Working  the  sample  pro  Hem  shown  In  Flgura  15.5.4.3b  will 
illustrate  the  application  of  the  graph  to  predict  the 
equivalent  liquid  propellent  leek  rate  from  measured 
gaseous  tea *  helium  leakage  at  e  aeaL  Assume  the  following 
conditions: 

1)  Gmeoua  helium  leakage  poet  s  seal  at  8  x  10*6  std 
em3/iMC. 

2)  Helium  test  pressure  of  1  atmosphere  (atm)  or  14.7  pale 
with  vacuum  on  the  downstream  side  of  the  leek,  the  AP 
across  the  leek  below  H.7  P*i*. 

3)  Liquid  system  flow  pleasure  of  10  atm  or  147  pais  with 
vacuum  externally,  or  147  paia  A?  across  the  leek. 

4)  Liquid  viscosity  of  8  x  10*1  centipotoes  (cp). 

To  solve  the  problem  of  predicting  the  equivalent  liquid 
leek  rate  for  the  known  gaaeous  leakage  at  the  seal,  the 
following  plots  era  made  on  the  graph: 

1)  8  x  10*3  std  cm3 /sec  helium  leakage  to  located  on  the 
righthand  ordinate  (gee  flow). 

3)  A  horizontal  line  is  drawn  internetting  the  helium 
viscosity  value  along  the  abactoet  (gas  v  scoaity). 

3)  A  line  parallel  with  tne  2:1  slope  is  extended  from  the 
helium  viscosity  value  until  1  atm  pressure  is  intersected 
along  the  A  pressure  abscissa. 

4 )  This  pressure  point  is  conncctwi  with  the  liquid  system 
pressure  (19  atm)  by  a  horiaontal  line 

5)  A  line  ij  drawn  parallel  with  the  l-.l  slope  graph  lines 
from  the  previously  found  liquid  praesura  value  until  the 
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intersection  is  made  with  the  va'ue  for  the  liquid 
'iscosity  along  the  liquid  viscosity  abscissa 

6)  A  horizontal  line  is  drawn  from  the  intenection  of  liquid 
flow  with  liquid  viscosity  to  And  the  predicted  liquid 
leakage  along  the  log  liquid  flow  ordinate:  3  x  10*1 
cm3 /day. 

Figure  15.5.4.3b  provides  a  graphical  solution  for  correla¬ 
tion  at  any  pressure.  Any  temperature  may  be  considered 
merely  by  selecting  that  corresponding  value  of  viscosity 
(Reference  12-10). 


A  gas-liquid  leakage  nomograph  from  Reference  4 §-45  Is 
presonted  In  Figure  15.5.4.3c-  Hil*  nomograph  aleo  applies 
only  to  lamirar  flow  leakage  bi  t  Is  of  practical  value 
because  the  leakage  of  a  gas  from  atmospheric  pressure  to 
vacuum  is  often  dominated  by  the  laminar  flow  mode  in 
typical  hardware  leaks.  /I though  certain  definite  units  are 
assigned  to  the  ires,  the  nomograph  is  really  much  more 
flexible.  For  example,  the  viscosities  could  be  read  in  poise 
units  -ether  than  centipoise  units  and  the  pressure  axis 
could  be  read  in  atmospheres  if  the  cat  leakage  axis  is  read 
in  atm  cm3/sec.  Table  15.5.4.3  shows  comparative  leak 
rates.  It  is  emphasised  that  this  procedure  wil’  be  accurate 
only  in  laminar  flow  leaks.  She  Id  the  measured  leakage  be 
molecular  rather  than  laminar,  the  error  Introduced  in  the 
calculation  will  predict  a  greater  liquid  leakage  than  will 
actually  be  found.  The  procedure  may  therefore  be  used 
with  confidence,  since  any  error  will  add  a  margin  of  safety 
into  the  results. 


Table  15.5.4.3. 

Comparntiv*  Leak  Rates 

savage  Raw  Unit 

Rristhre 

MagntoHfc* 

3  atd  atm  cc/10  years 

0.95 

1  x  10*8  std  atm  cc/sec 

1.00 

1  std  atm  cc/year 

3.17 

1  std  atm  in3  /year 

52.00 

1  micron  ft&/hour 

1034.00 

1  std  atm  cr/hour 

27,800.00 

1  micron  ft3 /minute 

02,200.00 

1  micron  litor/sec 

131,600.00 

1  std  rtm  1, »3 /hour 

455,000.00 

1  micron  ft3/sec 

3,730,000.00 

1  std  atm  cc/sec 

100,000,000.00 

1  ton-  liter/sec 

131.600,000.00 

1  std  atm  in3  /sec 

163,900,000.00 

*1  x  10'8  std  atm  cc/sec  selected  as  unity  for  comparison 
purposes. 

NOTE:  Appendix  A,  Table  A.2.31  contains  b.isic  leak  rate 
conversion  factors. 

The  following  restrictions  apply  to  the  use  of  the  above 

method: 

1)  The  leakage  is  the  result  of  a  finite  hole  or  holes  and  not 
the  result  of  permeation. 

2)  Hie  gas  flow  is  laminar,  ue.  the  flow  through  the  leak  is 
in  the  ranje  of  1  to  10*3  atm  cc/sec  or  is  made  up  of  a 
number  of  leaks  in  that  flow  range. 

3)  Hie  calculations  should  at  best  be  considered  accurate  to 
only  a  factor  of  two.  Error  in  both  the  measurement; 
and  the  deviations  from  the  flow  equations  preclude 
more  accurate  solution. 
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It  cm  and  Mould  laminar  flow  aquations  am  combined,  the 
ratio  of  fa*  to  liquid  leakage  tiuou#t  tii#  aama  laak  at  tha 
aama  praaaura  la 

0  =  ^Hq.  P*  (lq  16.84.3) 


praaaura. 


Experiments  warn  recently  parformad  (Reference  46-41)  to 
ahaek  tha  validity  of  tha  abort  correlation.  Liquid  leakage 
bras  maaauiad  for  laak*  wifi  previously  meewrad  |u  laak 
rates.  It  waa  found  that  laak*  having  a  gaa  conductance  in 
tha  10*9  atn.  oo/aac  range  had  a  liquid  laakaga  approx  1- 
mataly  one-half  tliat  predicted  by  aquation  (16.6.4.3). 
Laaka  In  tha  lfr*  atm  cc/aac  rang*  leaked  liquid  at  a  rata 
approximately  ona-tanth  tha  rat#  pradlctad  by  thaory. 
Liquid  laekaga  in  laaka  in  tha  10’S  atm  oe/aao  atm  rang* 
war*  approximately  one-twentieth  of  that  predicted  by  tha 
above  aquation. 

Baaed  on  the  Above,  it  would  appear  that  theae  methods  of 
correlation  will  produo*  oonearvative  an* war*.  La.  the  rotual 
liquid  leakage  will  atwxys  be  smaller  than  that  predicted  by 
theory. 

It  la  believed  that  tha  liquid  flow  Is  lower  than  calculated 
for  two  reaeons: 

1)  No  correction  waa  road*  for  any  molecular  flow  com¬ 
ponent  of  tha  measured  gaa  leakage. 

2)  Physical  adsorption  completely  immobilised  a  layer  of 
liquid  adjacent  to  the  levk  wall  and  therefor*  reduced 
tits  apparent  leak  diameter. 

15.S.5  Flow  and  hweeum  Drop 

16.5.6.1  INTRODUCTION.  The  primary  reason  for  run¬ 
ning  a  flow  AP  teat  la  to  determine  that  the  con.ponert  or 
system  will  pam  tha  specified  rate  rf  flow  within  the 
•Uoarable  praaoui*  drop  limit*.  However,  there  are  other 
leaaotu  for  running  a  flow  teat.  Erosion  of  tha  component 
housing  or  of  a  vdve  seat  may  be  important  for  extended 
durations  of  flow;  this  Is  particularly  true  in  components 
flowing  gaaac  such  as  hydrogen  or  helium  at  sonic  velocities. 
The  tonic  velocity  of  helium  is  approximately  3300  ft/aec 
at  ?0®F  (the  velocity  of  an  Ml  rifle  bullet  1*  2700  ft/aec).  If 
the  gaa  contain*  _aiy  particulate  contamination,  consider¬ 
able  emtioo  may  result  in  a  relatively  aho.t  time.  Dynamic 
loads  on  elements  of  the  component,  La.,  the  disc  of  a 
butterfly  valve,  may  be  of  lntanat  during  e  flow  teat, 
flutter  proluema  may  ba  tncounUrau  or  the  torque  on  the 
disc  may  be  in  excels  of  that  being  provided  by  the  valve 
operator,  which  will  affect  the  performance  of  the  valve. 
Dynamic  fore**  caused  by  tha  flow  of  tha  fluid  may 
dielodya  a  seal  Tvhlch  would  not  he  affected  by  static 
pressure.  Only  by  flow  testing  may  water  hammar  effects  of 
rapid  valve  opening  or  dosing  be  measured. 

15.5.5.2  EQUIPMENT  REQUIRED.  Equipment  require¬ 
ments  vary  with  the  ais*  ana  nature  of  ti  e  component.  A 
nraar.iriaad  medium,  sufficient  controls  to  regulate  tha 
flow,  and  adequate  Instrumentation  am  generally  required. 

15.5.5.8  8ETUP  AND  PROCEDURE.  It  1*  extremely  im¬ 
portant  in  conducting  praaaura  drop  teat*  o  obeem  tha 
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oqu  ire  menu  for  prewure  tap  location  and  geometry,  aa 
large  error*  may  result  If  the  taps  are  not  property  located 
end  deigned.  This  matter  has  beer  the  subject  of  analysis 
and  test  ror  many  years,  and  tha  recommendations  aal  forth 
jhovld  ba  followed  piedsety.  Tbs  usual  standard  employ  ad 
la  an  AEhiE  publication  wiitltied  "fluid  Maters  •*  Their 
Theory  and  Application”  (Reference  68-1).  This  report 
specifies  In  detail  the  design  and  location  of  the  taps.  When 
using  water  wt  a  teat  medium,  cam  tiiould  be  taken  to 
Increase  the  downstream  pressure  enough  to  suppress 
cavitation.  Also,  generally  3  taste  am  made  —  one  at 
nominal  flow  and  at  10  percent  above  and  10  percent 
below  nominal  flow.  If  tha  flow  factors  (computated)  do 
not.  ahow  a  square  nowar  relationship,  than  cavitation  hia 
altered  tha  results.  Thera  am  soma  exceptions  to  thl*  nil* 
such  aa  convoluted  flow  taction*. 

If  a  prNA'.ra  drop  across  a  given  component  la  critical,  It  la 
usually  necessary  to  conduct  a  tarn  teat  prior  to  conducting 
the  main  flow  test.  This  teat  is  conducted  by  Installing  a 
dummy  spool  pise*  of  precisely  the  seme  length  end  port 
tiis  as  tha  component  to  be  tested.  A  teat  at  tha  specified 
flow  rate  la  conducted  and  tha  pressure  drop  acroea  tha 
spool  place  (tare  value)  la  noted.  The  teat  specimen  Is  than 
installed  and  a  gross  pressure  drop  teat  la  conducted.  Hie 
tare  value  la  subtracted  from  the  gross  value  obtained  In  the 
latter  test  to  give  the  net  pressure  drop  acroea  the  specimen. 

If  a  tare  tart  la  not  conducted,  the  indicated  pressure  drop 
will  be  higher  than  the  actual  because  of  the  pnaain  drop 
acrom  tha  additional  length  of  tubing  required  to  accom¬ 
modate  the  pressure  taps.  In  many  low-velocity  systems  the 
pressure  drop  across  the  spool  piece  1*  negligible. 

An  alternate  method  of  measuring  pressure  drop  eliminates 
the  need  for  conducting  the  tar*  teat  and  is  very  useful  in 
many  teat  situations.  Tne  method  ia  completely  described 
in  SAB  ARP  868  for  the  specific  case  of  meawring 
pressure  drop  through  aircraft  fuel  system  components.  Tha 
method  involves  the  use  of  double  pietometer  tubes  os 
shown  in  F igura  16.8.6.3a.  Typical  tubes  am  constructed  in 
accordance  with  the  drawing  showr.  in  figure  16.6.5.3b 
(courtesy  of  Accessory  Products  Co.).  Aa  can  be  aeen  from 
the  drawing  and  the  sketch,  the  distance*  between  the 
drilled  holes  in  the  piesometer  ring  and  between  the 

?iieaometer  ring*  end  the  tost  specimen  am  equal.  It  then 
ollows 

AP3  -  AP,  -  AP, 

AP  =  AP,  -  AP3 

=  AP,  -  (AP,  -  AP, ) 

=  2AP,  -AP, 

1b. 5. 6  Crack  and  Ratoat 

Crack  and  mr*at  pressure  tests  am  uno  with  vent  and  mlief 
velvet  (Sub-Section  5.5),  as  well  as  on-off  pressure  regula¬ 
tors  (Sub-Section  6.4).  Cracking  pressure  is  sometimes 
defined  as  the  pressure  at  which  flow  of  any  magnitude  in 
excess  of  the  allowable  leakage  is  observed  as  pressure  is 
inert  seed  .ltd  is  sometimes  expressed  as  a  percentage  of  full 
rated  flow.  Reaeet  is  usually  defined  as  the  pressure  at 
which  the  specification  leakage  rate  is  not  exceeded  as 
pressure  ia  decreased.  Because  the  reseat  pressure  may  vary, 
depending  upon  the  magnitude  of  flow  above  crack  leakage, 
the  specification  and  procedure  should  be  specific  whether 
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or  not  fall  rated  flow  U  raquirad  between  crack  preeeure 
and  remat  preeeure  taeta. 

Determining  the  reaeat  point*  may  be  accompliahed  b.v 
•lowly  raising  or  lowering  the  preeeure  and  meaauring  the 
flow  rate.  If  it  Is  inconvenient  to  measure  the  .tow  rate,  an 
alternate  method  may  be  uaed  in  which  a  mercury 
manometer  ie  connected  to  the  upstream  port  of  the  valve. 
The  manometer  will  he  steady  and  will  read  the  static 
upstream  pressure  prior  to  crack.  As  the  valve  begins  to 
crack,  the  slight  flow  will  cause  a  perceptible  drop  in  the 
static  preeeure.  If  the  system  pressure  is  too  high  to  permit 
use  of  a  manometer,  a  pressure  transducer  may  be  used.  A 
suppressed  scale  should  be  employed  with  the  readout 
covering  ouly  the  range  of  valve  operation.  Snap  action 


relief  vahraa  which  employ  bellevlUe  springs  have  a  high 
opening  and  closing  rate  and  must  be  tested  with  high 
response  transducer*.  When  acceptance  testing  chock  valves 
subsequent  to  a  proof  and  leak  test,  it  is  important  to 
ignora  the  first  cracking  pressure  and  to  use  the  second 
actuation. 

Hydraull?  relief  valves  arc  specified  for  pressure  at  rated 
flow  and  renal.  Cracking  pressure  is  unimportant  since 
reseat  is  lower  than  cracking  and  reseating  must  be 
accomplished  at  a  pressure  which  is  higher  than  maximum 
pump  compensator  pressure. 

1K.U7  Rttponso 

Response  may  bo  defined  as  the  time  required  for  an 
element  to  react  to  a  signal.  Far  example,  response  of  a 
solenoid  vahe  is  defined  as  the  time  required  for  the  valve 
to  change  from  one  mod*  to  another  upon  command  (see 
Detailed  Topic  6.B.3.7).  In  a  pressure  regulator  it  is  'he 
time  required  for  the  regulator  to  aclilov*  steady-state 
pressure  after  a  step  changa  has  been  made,  a.g.,  startup  of 
a  system  (ssa  Detailed  Topic  $.4.3.4).  Response  time  for 
explneiv*  valves  is  characteristically  short  and  difficult  to 
measure  accurately,  at  discussed  in  Detailed  Topic  8.7,8  2. 

In  measuring  the  response  of  r  solenoid  valve,  use  of 
tranaduuera  and  recording  equipment  Is  generally  required 
because  of  the  very  short  intervals  of  time  Invc.  .-.I  {a  range 
of  2  to  60  ms  is  normally  encountered).  If  the  valve  has 
position  switches,  a  trace  which  indicates  applied  voltage 
and  another  which  indicates  position  of  the  poppet  or 
vaiving  element  is  all  that  is  needed.  The  response  khould 
not  be  measured  by  use  of  the  position  switches  slona  as 
this  w'll  neglect  the  time  required  for  the  solenoid  coll  to 
generate  the  necessary  magnetic  flux  which  may  he  a 
significant  portion  of  the  total.  If  the  valve  doee  not  have 
position  switches,  a  trace  may  be  made  of  the  applied 
voltage  and  downstream  pr«  eure.  When  conducting  this 
teat,  it  is  convenient  to  uee  a  recorder  which  has  a  quick 
change  spaed  mechanism  which  permits  a  momentary  high 
velocity  of  the  paper.  This  velocity  need  be  maintained  for 
orly  a  second  or  so  and  facilitates  reading  of  the  values. 
Th«  response  time  may  also  be  determined  by  monitoring 
the  current  o>.  a  triggering  oscilloscope.  Time  Is  from  initial 
rise  of  cvTTent  trace  to  the  dip  in  current  trace  (solenoid 
movement).  An  example  of  thia  technique  is  described  in 
Reference  68  5  wherein  solenoid  valve  response  character¬ 
istic*  ware  evaluated  for  experiments  subsequently  p«. 
formed  on  the  Environmental  Research  Satellite  iEn8) 
series  satellites. 

Actuation  timo,  both  opening  and  closing,  were  measured 
on  the  solenoid  current  trace.  The  trace  was  photographed 
as  it  appeared  o.i  an  oscilloscope  screen.  Figure  16.5.7a  Is  s 
schematic  of  the  test  apparatus.  The  test  valves  were  cycled 
6  to  lOcpe  with  the  puiae  timer.  The  oscilloscope  was 
synchronised  with  the  timer  to  provide  a  steady  image  for 
photographing.  Figure  simulates  such  a  typical 

current  trace  from  which  opening  and  cloving  times  wero 
measured.  The  portion  designated  a*  AH  represents  the 
time  from  closing  of  the  solenoid  circuit  to  the  start  of 
poppet  movement  As  the  poppet  moves,  counter  emf 
produces  «  negative  slope  in  the  current  trace,  representing 
A  tg.  Buildup  of  solenoid  field  strength  to  overcome  poppet 
spring  and  frictional  forces,  plus  the  time  for  total  travel  of 
the  poppet  is  defined  as  the  opening  time  of  the  valve  (Aty 
♦  Atg).  The  closing  time  is  that  required  for  collapse  of  the 
•olenoid  field  and  return  of  the  poppet  to  the  dosed 
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position  (A  13).  Present  practice  an  tail*  photographing  the 
oacitloacopa  trace  of  aoltnoid  field  current  for  valve  open¬ 
ing  response  only,  as  shown  in  Pigure  15.6.7c.  Accurate 
representation  of  valve  closing  time  requires  photographing 
the  trace  of  solenoid  field  vo'tsge  rather  than  'urrent,  as 
shown  in  Figure  lft.5.7d. 


OSCILLOSCOPE 


Plgum  16.6.7s.  WolenoM  Valve  Ration*  lest  8ehematlo  ler 
Obtaining  Onilloeepe  Current  Trees 
f ffefownee  M  tS) 


Figure  18.6.7b.  Solenoid  Valve  bMponee  as  shown  by  OseHloeeope 
Current  Treat 


T.e  procedure  for  manuring  the  response.  of  a  regulator  it 
similar,  with  tha  exception  that  no  applied  voltage  is 
usually  required.  An  exception  to  thia  is  found  whsn  a 
regulator  hj»  a  solenoid-cperatad  pilot  section  which  is 
integral  with  the  mair  unit.  In  this  event,  the  response  is 
generally  taken  from  the  instant  tha  voltage  is  applied  until 
the  regulator  .'caches  steady  state. 

1E.6.8  Pressure  Regulation 

Pressure  regulation  may  be  defined  as  t  process  of  reducing 
some  upstreur.r,  usually  variable,  high  pressure  to  a  fixed 
downatreun  pressure  of  lower  value.  The  lower  value  is 
caile-i  tha  set  point  of  tha  regulator.  The  tolerance  band 
which  specific#  the  values  permissible  both  above  end  below 
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Pigure  16.R.7®.  Photograph  of  Oscilloscope  Current  Trace  of 
Solsnold  Valvs  Opening 


Figure  1S,5-7d.  Photograph  of  Oscilloscope  VolUge  Tr*c«  of 
Solenoid  Valve  Closing 


the  set  point  are  always  given.  In  conducting  pressure 
regulation  testa,  it  is  extremely  important  to  simulate  both 
the  upstream  and  downstream  plumbing  very  accurately. 
Adequate  flow  must  be  provided  upstream  of  the  regulator, 
or  the  regulator  will  tend  to  oscillate.  The  downstream 
ullage  must  be  neither  too  large  nur  too  small,  or  erroneous 
results  will  be  obtained.  If  the  ullage  is  too  sindl,  the  start 
transient  may  indicate  a  sharp  spike  on  the  pressure 
recording  which  will  indicate  an  out-of  specification  condi¬ 
tion,  This  will  happen  when  the  response  of  the  regulator  is 
too  slow  to  close  the  main  valve  in  the  unit  before  an 
overpressurized  condition  results.  Conversely,  if  the  ullage 
is  too  large  in  the  test  setup,  the  regulation  control  effected 
by  the  unit  r»iay  appear  to  be  better  Mian  ii  actually  is.  For 
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example,  the  stvsrt  transient  my  ipp*u  to  be  »»ry  smooth 
and  within  apecifkatkm,  but  when  the  regulator  is  installed 
in  the  actual  system  an  overpraasurised  condition  may 
result  ten  an  unacceptably  long  purl  J  of  time. 

Recording  of  data  during  a  pressure  regulation  teat  is  ideally 
t,ie  on  a  multichannel  strip  recorder  since  th**  several 
outputs  ate  all  available  on  the  tame  tun*  6a*  and  the 
interaction  between  them  can  be  readily  andyaad.  The 
parameters  normally  me*c>-  ~*i  include  upstream  pressure, 
temperature,  flow  rata,  and  regulated  pressure.  It  is 
common  practice  to  ue»<  a  suppressed  scale  for  the  regulated 
pressure  trace  to  improve  the  readout.  For  example,  if  a 
regulator  la  regulating  between  ?25  and  7S0  pti,  the 
channels  indicating  the  regulated  pressure  would  be  cali¬ 
brated  to  si- uw  the  25  pel  which  is  c?  interest  instead  of  the 
entire  rang?)  of  eero  to  7  CO  pj>. 
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it  is  often  necessary  to  measure  the  for-e  applied  to  a 
compone.it  or,  conversely,  the  force  exerted  by  s  com¬ 
ponent  such  as  an  actuating  cylinder  o,  pressurised  r.sa- 
phragm.  Various  methods  of  making  the*'  measurements 
are  discussed. 

An  axially  applied  load  may  be  measured  wit'  a  spring 
scale,  and  either  tensile  or  compressive  load"  may  be 
~.easured.  Laboratory  quality  scales  are  available  which  will 
measure  loads  ranging  from  a  few  grains  to  5C  pounds  or 
more.  Care  must  be  taken  to  ensure  that  th>  axis  o*  the 
scale  is  in  line  with  the  lo*  i  being  measured.  TNe  accuracy 
r  *  these  scales  ranges  from  1  to  2  percent  of  ftiU  reale. 

Proving  rings  ar«  used  to  measure  a  'al  loads  cf  a  relatively 
high  magnitude.  These  ~irj»  are  usually  tor  o' dm  eteei 
members  with  attachment  fixture  or  hooks  at  oppnskt 
points.  The  measured  load  is  inferred  from  the  defection 
which  is  displayed  <  .*  s  dial  indicate  r.  When  i>sed  within  the 
elastic  range,  these  rings  have  an  accuracy  of  0. 1  percent  of 
full  i*ale.  Calibration  of  the  rings  is  accomplish  3d  with 
deadweights. 

Deadweights  are  sometimes  convenient  for  measuring  force; 
the  range  A  this  method  is  limited  only  by  the  ability  to 
determine  the  value  of  the  weights  being  used.  Thus'-  values 
may  mnge  from  a  few  milligrams  to  many  tons.  For  the 
smrUer  values,  the  weights  us  d  for  labmatoiy  balances  or 
for  deadweight  testing  aie  convenient,  readily  available 
standards.  For  large  loads,  lead  castings,  steel  or  cast  iron 
blocks,  and  concrete  blocks  may  be  prepared  for  a 
particular  application.  Their  weight  it  determined  by  a 
suitable  method  and  the  data  is  permanently  affixed  to  the 
mass  by  tag,  stamping,  stencil,  etc.  Weight  of  a  large  load 
may  be  determined  on  a  certified  truck  scale,  such  as  those 
operated  by  state  highway  departments.  Water  and  sand 
provide  convenient  deadweight  material  siiice  they  are  both 
inexpensive  and  easy  to  handle.  If  sand  is  used  over  *  lontj 
period  of  time,  care  must  be  taken  to  maintain  the  moisture 
content  at  <-  cons  tan,  value,  since  the  weight  will  be 
drastically  altered  by  either  the  addition  or  evaporation  of 
water.  Simple  lever  systems  may  be  used  advantageously 
with  deadweights  to  increase  or  decrease  the  effect  of  the 
load.  Use  of  geometric  shapes  having  easily  defined  cen¬ 
troids  will  facilitate  the  computations  if  a  lever  system  is 
u«ed. 

The  load  cell  provides  a  very  convenient  end  accurate 
means  of  measuring  loads,  and  cells  are  available  ia  a  range 


from  ounces  to  tons.  As  the  output  of  the  cell  la  a  vdtage, 
it  may  be  displayed  in  several  -orrae,  One  special  applica¬ 
tion  of  the  !>>ad  cell  ia  fc*  a  spring  taster  in  which  deflection 
of  tha  spring  and  tne  load  art  measured  simultaneously. 
The  load-deflation  voltages  are  fed  to  an  X-Y  plotter 
which  prints  out  a  *trv*s-» train  curve  for  the  part. 

The  tame  tester  may  be  uoad  to  determine  the  effective  area 
of  a  caprtle  or  diaphragm  by  introducing  a  known  pressure 
into  the  cavity  and  measuring  the  resulting  force.  The 
pressure  can  be  nan  with  a  high  degree  of  precision  with 
either  a  precision  gauge  or  the  output  indicated  on  a 
deadweight  taster.  Load  cells  are  calibrated  by  use  of 
deadweights,  and  a  calibration  ia  umnlly  pei  formed  before 
and  after  a  teat.  A  simple  setup  permits  calibration  of  such 
a  cell  by  remote  control  aa  often  as  desired  and  in  a  very 
short  time.  The  setup  consists  of  a  suitable  deadweight 
attached  to  the  celt  by  i  cord  and  pully  arrangement.  The 
weight  rreta  an  either  an  electric  or  pneumatic  actuator.  To 
apply  the  load  to  the  cell,  the  actuator  ia  driven  downward 
until  it  separates  from  the  weight,  and  .'ie  output  of  the 
cell  for  this  load  it  recorded.  The  actuator  is  then  raised, 
lifting  „jc  weight  and  thus  removing  the  load.  Such  t  setup 
L  sa  been  uwd  to  measure  thrust  in  a  firing  teat  of  a  small 
.ocket  engine  beh'g  run  in  a  vacuum  chamber. 

15.5.10  Torque 

Torquie  m  z  torsional  moment  about  a  center  pro.luced  by 
equal  and  opposite  tangential  forces  and  may  be  measured 
with  devices  a"  simple  as  a  torque  wrench.  In  critical 
applications  it  mould  be  borne  it.  mind  that  a  torque 
wrench  r*  only  mrocuces  a  couple  or  pure  torulon  on  the 
part  being  measured  but  also  imposes  a  transvem  force 
component.  This  component  ia  vaaally  insignificant  with 
respect  to  the  torque  and  is  ignored. 

The  accuracy  of  a  torque  messuremr  >  ia  dependent  to  a 
very  large  degree  on  several  difficwlt-tocoa  rot  factors.  A 
film  of  lubricant  on  a  part  which  ahoula  be  tested  dry  can 
nake  a  difference  in  the  reading  of  approximately  25 
percent.  The  alt  and  condition  of  the  mating  surfaces  can 
also  exert  a  very  large  influence  on  the  vail. os  obtained. 
Care  must  be  taken  to  ensure  the'  ‘be  allowable  limits  of 
the  material  are  not  exceeded.  te  limits  could  be 
exceeded,  for  example,  by  applying  a  torque  specified  for  a 
dry  nut  and  boit  assembly  to  an  assembly  that  was 
lubricated. 

The  purpose  of  a  tr.rrue  measurement  on  a  bolted  assembly 
is  to  permit  calculation  of  the  load  in  the  member.  A  more 
accurate  means  of  determining  this  load  is  to  measure  the 
strain  in  a  bolt,  as  the  variables  mentioned  above  are 
eliminated.  Special  hollow  bolts  are  nvedable  which  permit 
the  use  of  a  depth  micrometer  to  measure  the  strain.  Some 
bolts  incorporate  a  pmg  in  the  nollow  center,  end  the  strain 
is  measured  by  noting  the  change  in  height  of  the  plug 
above  the  bolt  head. 

Torque  may  also  be  measured  with  good  accuracy  by  use  of 
a  lever  and  weights  if  the  distance  from  the  axis  of  rotation 
to  the  centroid  of  the  weights  ia  known  If  the  line  oi 
action  between  the  lever  end  the  weights  varies  from  90 
degrees,  the  actual  resultant  of  the  downward  force  most  be 
calculated. 

A  spring  .nay  be  substituted  for  the  vreighU  if  less  accuracy 
is  tolerable.  Lose  of  accuracy  if  caused  by  the  difficulty  of 
applying  a  steady  load  and  taking  a  reading  when  motion  is 
impending. 
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15.5.11  LifeCyule 

Hie  purpose  of  the  life  cycle  ter1  is  to  ensure  that  the  unit 
csn  be  operated  a  sufficient  number  of  times  to  fulfill  its 
«erv  ce  function.  Two  types  of  i  its  may  be  specified.  In 
one,  ar  arbitrary  number  of  cycles  is  selected,  and  in  the 
other  the  unit  is  simply  cycled  to  failure.  The  latter  test  is 
conducted  mo  e  often  in  reliability  studies  to  determine  the 
margin  that  exists  in  a  per  icular  component.  The  life  cycle 
test  i«  generally  conducted  ft  the  end  of  a  program,  and  no 
other  testing  should  be  expected  of  this  unit,  with  the 
possible  exception  of  the  burst  test.  Sometimes  it  is 
advisable  to  run  this  test  in  two  halves  with  vibration 
between  the  first  and  second  halves. 

IS  5.11.?  EQUIPMENT  REQUIRED.  Most  life  cycle  tea*, 
ate  accomplished  with  the  use  of  autorri  tic  cycling 
equipment  This  equipment  is  relatively  inexpensive  and  is 
r.orm.  My  found  in  most  testing  laboratories.  It  may  consist 
of  either  electronic  or  electronic chanicrJ  devices  which  can 
be  arranged  to  actuate  one  or  toore  control  valves, 
solenoids,  or  other  circuits  in  elmost  any  combination  of 
on-off  duty  cycle*.  A  solenoid-operated  counter  is  usually 
included  whitl.  automatically  records  the  number  of  cycles 
rccuinuiat'vi. 

If  functional  perform*:  ce  c'  a  unit  ii  to  be  monitored  in  a 
cycling  teat  \e.g.,  if  temperatures  and  pleasures  are  to  be 
recorded),  the  data  ar?  normally  taken  on  a  scrip  chart  or 
multichannel  recorder  M  which  the  paper  ia  operated  at  the 
lowest  possible  speed.  Thw  strip  chart  is  a  convenient, 
pumenent  record  of  the  .  arious  u;ve rating  parameters  and 
also  indicates  the  number  or  cycles.  Should  a  failure  occur 
during  the  test,  such  a  recording  not  only  pinpoints  the  un 
of  the  failure,  but  often  cr:ea  an  incwcatio,  of  the  cause, 
e  g.,  a  r'owly  risir’  ier  yerrture  or  pressure  prior  to  the 
failure. 

15.5.11.2  TEST  PROCEDURE.  It  is  not  possible  to  gwe 
a  specific  test  "Procedure  for  v  life  cycle  test  as  the  require¬ 
ments  will  vary  from  cv.mi  tontnt  to  component. 

One  ot  the  most  important  considerations  in  conducting  a 
life  cycle  test  is  the  simulation  of  the  actual  operating 
conditions  of  the  unit.  Poor  i  limitation  can  cause  a  unit  to 
fail  the  life  cycle  test  when  it  would  ha\e  passed  under 
realistic  teat  conditions  and  vice  versa.  Therefore,  in 
designing  the  life  cycle  test  procedure  and  setups,  due 
consideration  should  be  given  to  the  unit's  actual  operating 
conditions.  It  may  be  necessary,  for  instance,  tc  simulate 
the  Actual  plumbing  line  sizes  both  upstream  and  down¬ 
stream  of  the  par4  to  ensure  that  transient*  such  as  water 
hammer  are  neither  too  severe  nor  too  mild.  If  a  teat  fluid 
ether  than  the  fluid  to  be  used  in  service  is  involved,  the 
possible  effects  of  a  substitution  shall  be  examined.  For 
instance,  if  a  valve  or  ketuatw*  u  designed  to  operate  on  dry 
nitrogen  or  dry  air  and  is  cycled  with  shop  air,  the  results 
may  be  dramatically  different  as  the  shop  ai  tends  to  be 
moist  and  oily  and  will  serve  to  lubricate  the  pari ,  wht.  cas 
the  service  fluid  will  carry  no  lubrication.  Water  ia  a 
convenient  and  inexpensive  test  fluid,  but  may  have  more 
or  less  lubricity  than  the  service  fluid  and  be  more  or  less 
corrosive  to  the  unit  than  the  service  fluid.  The  ambient 
temperature  in  which  the  test  is  conducted  should  reason¬ 
ably  approximate  the  test  conditions.  Hie  wear  resulting 
from  a  unit  operating  at  160  degrees  is  likely  to  be  different 
horn  the  wear  that  will  occur  on  a  unit  cycled  at  lcboratory 
ambient  temperatures.  Hie  ambient  pressure  should  be 
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approximated  within  reasonable  limits,  especially  if  the  unit 
is  *o  operate  at  altitude,  because  the  heat  transfer  character 
istics  will  lie  met  severe  at  altitude  than  at  sea  level.  Where 
time  span  per  cycle  is  a  factor,  testing  at  a  higher 
temperature  will  romatimes  give  equivalent,  results  in  « 
shorter  elapsed  time.  The  rate  of  cycling  does  not  neces¬ 
sarily  have  to  be  (he  same  as  the  rate  the  unit  will 
experience  in  service,  but  if  a  change  is  made  to  shorten  the 
test  time,  the  possible  effects  should  be  considered.  One 
such  effect  is  overheating  in  an  actuUor,  switch,  or  motor. 
The  operating  range  of  the  u.  lit  should  bo  considered,  and 
in  some  cases,  if  >1.  is  not  properly  simulated,  the  results  will 
be  erroneous.  For  example,  if  a  pressure  switch  were  to  be 
cycled  between  600  and  700  psi  (its  normal  working  range), 
the  recorded  actuation  points  may  be  different  than  if  it  ia 
cycled  between  0  and  TOO  psi  because  of  the  hysteresis 
normally  present  in  most  pressure  switches.  The  application 
of  fore-  to  a  component,  for  example  to  the  hand  wheel  of 
a  manual  valve,  should  be  properly  simulated  to  avoid 
misleading  re»u!l».  Sueii  a  force  would  normally  he  a 
torque,  but  if  a  moment  arm  were  used  that  impose  i  radial 
loadr  on  the  vtlw  shaft,  abnormal  wear  would  occur  on  the 
shaft,  bearin';*,  and  packing. 

The  above  examples  are  presented  suggest  a  line  of 
thought  when  life  cycling  is  being  considered  and  are  by  no 
m-ans  all  inclusive. 

Hie  number  of  cycles  to  be  used  in  conducting  a  life  cycle 
test  should  be  baaed  on  the  actual  service  required  from  the 
part.  A  part  that  will  be  cycled  four  or  five  times  in  its 
service  life  probably  should  not  be  tested  to  a  million 
cycles.  On  tnc  other  hand,  the  number  of  actual  operations 
in  the  service  application  should  not  be  taken  as  a  criterion. 
Quite  often  a  part  will  experience  more  cycles  in 
acceptance  ana  checkout  es>:ng  than  it  will  on  an  actual 
mission,  and  these  cycles  should  also  be  included  in  the 
determination  of  the  number  of  life  cycles  to  be  used  in  the 
test. 

The  functional  test  should  he  performed  periodically  during 
the  course  of  a  life  cycle  test  to  determine  that  the  unit  is 
still  operating  properly. 


15.6  ELECTRICAL  FUNCTION  TESTS 

15.6.1  Dielectric  Strength 

The  purpose  of  the  dielectric  strength  test  (also  called  a 
dielectric  withstanding  voltage  test)  is  to  prove  that  a 
component  can  withstand  a  momentary  overpotential 
resulting  from  switching,  surges,  or  other  phenomenon. 

15.6.1.1  DEFINITION.  A  dielectric  is  a  medium  in  which 
the  energy  required  to  establish  an  electric  field  (voltage 
stress)  is  recoverable  in  whole  or  in  part  as  electric  energy 
(Reference  659-1).  For  example,  when  a  voltage  is  estab¬ 
lished  across  a  dielectric,  such  as  the  insulating  medium 
between  two  plates  of  a  capacitor,  a  displacement  or 
charging  current  results.  This  charging  current  is  recovered 
when  the  charge  is  removed  from  the  capacitor  plates.  The 
dielectric  properties  of  a  medium  relate  to  its  ability  to 
sustain  a  static  electric  field  in  distinction  to  its  insulation 
leakage  properties  which  relate  to  its  ability  to  conduct 
steady  current.  The  dielectric  strength  of  a  material  is 
usually  given  as  a  voltage  gradient,  i.e..  volts  per  mil,  volts 
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per  millimeter,  or  kilovolt*  per  centimeter  (Reference 
069*1).  It  U  very  Important  to  note  that  dielectric  strength 
for  a  j!»'n  material  is  determined  under  carefully  con* 
trolled  conditions;  in  actur'.  use  the  materials  may  not 
duplicate  these  theoretical  vriues.  This  is  because  the 
dielectric  strength  is  affected  by  sharp  comet*,  small  radii, 
contamination,  moisture'  film,  humidity,  occlusions,  or 
other  factors  that  tend  tc  induce  electric  flash  over  or 
physical  breakdown  of  the  material. 

16.6.1.2  PRECAUTIONS  IN  TESTING.  The  limitation*  of 
the  instrumentation  should  be  considered  when  any  given 
reading  is  being  evaluated.  For  example,  if  a  voltmeter 
having  a  specified  accuracy  of  ±6  percent  of  full  scale  is 
being  used  to  measure  1000  volts  full  scale,  the  observed 
reading  may  have  t,n  error  of  5C  volts.  If,  for  instnnee,  a 
failure  is  encountered  at  960  volts,  use  of  a  more  accurate 
voltmeter  may  be  justified. 

A  careful  examination  of  the  part  should  be  made  for 
particles,  films,  or  other  types  of  contamination  which 
would  tend  to  produce  premature  flash  over  or  breakdown. 

Humidity  cf  the  ambient  air  can  be  a  factor  in  breakdown 
and  should  hot  exceed  the  conditions  of  the  test  specifica¬ 
tion.  If  humid. ;y  is  not  specified,  a  recommended  value  is 
60  percent.  Previous  history  and  roak  in  a  humid  environ¬ 
ment  will  profoundly  affeci  test  result*  obtained  with  many 
solid  dielectrics. 

15.6.1.3  SPECIFIC  AVION  REQUIREMENTS.  If  dielec¬ 
tric  test  criteria  are  being  established,  realistic  values  should 
be  selected  for  the  test.  Conventionally,  600  to  1000  volts 
are  normally  specified  fot  aerospace  components  However, 
the  lowest  limit  that  can  be  used  and  still  provide  sn 
adequate  margin  of  safety  should  be  r  ecitled,  as  excessive 
test  values  will  result  in  over-design  or  raise  the  rejection 
rate  and  therefore  increase  the  ce*t.  When  applicable, 
altitude  should  be  specified. 

Since  the  dielectric  test  tends  to  dei.Tade  the  equipment, 
repeated  applications  of  the  maximum  specified  test  voltage 
may  result  in  component  failure.  Dielectric  test  is  not 
repeated  after  acceptance  testing  u.  css  voltage  ia  reduced 
to  75  percent  of  the  specified  maximum. 

15.6.1.4  EQUIPMENT  REQUIRED.  The  equipment  re¬ 
quired  for  conducting  a  dielectric  test  is  self-contained  and 
includes  a  power  supply,  voltage  control,  and  suitable 
voltmeter  and  miiiiammeier. 

15.6.1.5  TEST  PROCEDURE.  A  generalized  test  pro¬ 
cedure  for  conducting  this  test  is  described  in  MIL-Standard 
202C,  Method  301. 

15.6.2  Insulation  Resistance 

The  purpose  of  this  test  is  to  measure  the  resistance  offered 
by  the  insulating  members  of  the  component  part  to  an 
impressed  direct  voltage.  This  test  is  not  to  be  considered 
the  equivalent  of  a  dielectric  strength  test  end  .s  in  fact 
different  in  nature  and  intent. 

15.6.2,1  EFFECTS  OF  INSULATION  FAIL¬ 
URE,  Excessive  current  leakage  will  lead  to  deterioration 
of  tlie  insulation  by  heating  and  may  eventually  form  a 
carbonized  track  or  path  leading  to  total  breakdown. 
Excessive  leakage  can  also  disturb  the  operation  of  circuits 
by  forming  feedback  loops.  Low  insulation  resistance  is 
often  an  indication  of  a  low  residual  operating  life. 
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15.6.2.2  FACTORS  AFFECTING  INSULATION  RESIS¬ 
TANCE  MEASUREMENTS.  There  are  many  .'actors  that 
effect  insulation  resistance  measurements  including  temper¬ 
ature,  humidity,  altitude  (ambient  pressure),  residual 
charge,  charging  current,  time  constant  of  the  instrument, 
the  measured  circuit  and  the  test  voltage  employed,  and  the 
deviation  of  the  test  voltage.  Some  component*  will  exhibit 
a  high  initial  leakage  current  which  in  reality  is  a  charging 
current  which  decrecaes  with  time.  Therefore,  sometimes  it 
is  necetsary  to  wait  until  steady-state  condition}  are 
achieved  before  making  the  measurement. 

ln.6.2.3  EQUUMENT  REQUIRED.  Conventional  equip¬ 
ment,  such  as  a  megohm  meter,  milUanuneter,  and  a  voltage 
source  ranging  from  100  to  10  f  volts,  is  require  ’.  The  test 
apparatus  ia  normally  found  in  most  test  laboratories. 

15.6.2.4  PROCEDURE.  MIL-Standard  202C,  Method  302, 
gives  general  instructions  for  conducting  this  test. 


The  resistance  of  components  is  measured  with  a  bridge 
circuit;  the  general  instructions  are  given  in  MIL-Standard 
20 2C,  Method  303.  Resistance  of  contacts  is  tested  in  a 
slightly  different  manner,  as  described  in  MIL-Standard 
202C,  Method  307. 


Capncitaiv.'e  measurements  are  required  on  capacitors,  and 
occa&ionaity  it  is  necessary  to  measure  the  capacitance  of 
other  bits  of  equipment  such  as  lead  wires  and  cablet.  This 
measurement  is  commonly  made  with  a  capacitance  bridge 
which  consists  escentk'ly  of  a  number  of  precision  capaci¬ 
tor  ,h!ch  may  be  selected  by  a  switching  arrangement 
The  test  specimen  is  connected  to  the  proper  terminals  of 
the  bridge  and  she  capacitance  is  measured  by  balancing  the 
unknown  capacitance  to  a  known  capacitance.  The  accu¬ 
racy  of  this  device  will  range  from  1  to  0.0001  percent,  and 
the  time  required  to  conduct  the  test  will  vary  depending 
upon  the  accuracy  being  sought  A  measurement  in  the 
order  of  1  percent  could  be  typically  made  in  a  few 
minutes,  whereas  a  measurement  requiring  the  utmost 
accuracy  may  take  a  half  Lour  or  more. 

Capacitance  may  also  be  measured  with  an  impedance 
meter  which  usually  has  an  accuracy  of  2  to  10  percent. 
These  meters  are  leas  expensive  than  the  capacitance  bridge 
and  are  easier  and  quicxer  to  use.  The  accuracy  required  by 
the  specification  will  determine  which  type  of  equipment 
to  use. 

Both  the  bridge  and  the  impedance  meters  incorporate  a 
frequency  generator. 


Inductance  is  measured  by  an  inductance  bridge  which 
diifets  from  a  capacitance  bridge  in  that  it  incorporates 
resistances  whicit  may  be  coupled  with  various  capaci¬ 
tances.  The  inductance  is  measured  at  a  fixed  frequency, 
and  the  device  essentially  compares  the  unknown  induc¬ 
tance  to  a  reference  resistance  and  capacitance.  The  time 
required  for  making  this  measurement  is  in  minutes. 


There  are  several  procedures  available  for  measuring  mi|;- 
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nstic  flux  and  magnetic  flux  density.  Flu .  density  may  be 
measured  by  use  of  a  flux  density  meter  employing  the  Hali 
•fiecfc.  The  area  to  be  measured  is  searched  with  a  small 
,  robe,  and  a  direct  readout  on  the  meter  is  obtained. 

A  more  precise,  less  convenient  method  employs  a  rotatirg 
coil.  When  the  coil  is  i’  erted  in.o  the  magnetic  field  it 
rotates  and  generates  a  v,„tage  which  is  proportional  to  the 
flux.  The  voltage  is  applied  to  a  meter  which  again  provides 
a  direc  readout  of  flux  density. 

Total  flux  may  be  read  by  a  flux  gate  magnetometer  which 
employs  »  search  co!  which  is  moved  through  a  magnetic 
field.  The  readout  is  on  a  meter  wh:ch  is  an  integrating 
device  and  reads  the  total  flux  in  a  ci-vuit.  The  .neter 
incorporates  a  stop  mechanism  which  prevents  the  dial 
from  returning  to  zero.  At  the  completion  of  a  particular 
t’  iding,  the  data  are  recorded  and  the  meter  is  then  rertt  to 
zero. 

15.6.7  Electro  magnetic  Interference  (EMI) 

EMI  teats  are  performed  to  measure  and  determine  the 
electromagnetic  interference  characteristics  (emission  ;.nd 
susceptibility)  of  electronic,  electrical,  and  electromechani 
cji  equipment.  EMI  testing  Is  primarily  used  with  electronic 
equipment  or  with  equipment  which  generates  significant 
radio  frequency  interference,  such  as  automobile  or  truck 
engines.  Such  tasting  ia  described  in  datail  in  MJL-8TD-4M, 
MI u- STD-46  2,  and  MIL-8TD-463.  Several  specialized  EMI 
testa  are  performed  on  certain  aerospace  fluid  components, 
however,  such  as  the  following: 

a)  Measurement  of  the  magnetic  field  generated  by  sole¬ 
noid  or  torque-motor  actuated  valves  on  spacecraft. 
Some  spacecraft,  such  u  Pioneer  and  OGO  series, 
require  that  the  magnetic  fields  generated  by  such 
components  be  almost  totally  neutralized. 

b'  Determination  of  the  susceptibility  of  elect  roexploaive 
devices  (EED)  such  as  squib  valves  to  actuation  by 
spurious  radio  frequency  (RF)  signals.  Hie  Range  Safety 
Manuals  of  the  Air  Force  Eastern  Test  Range  and 
Western  Test  Range  (AFETRM  127-1  and  AFWTRId 
127-1)  specify  determining  the  RF  susceptibility  of  such 
drvi«.«s.  This  susceptibility  is  defined  as  the  magnitude 
of  the  smallest  electric  field  (expressed  as  an  RF  field 
intensity  or  RF  field  strength)  capable  of  producing  the 
no-fire  current  or  no-fire  power  in  an  EED.  (This  no-fire 
current  is  the  current  sensitivity  at  which  no  more  than 
one  EED  pe-  thousand  will  fire  with  a  confidence  of  95 
percent) 

c)  Fluid  components  which  utilize  any  electronic  circuitry 
should  be  tested  to  determine  toe  susceptibility  of  that 
circuitry  </>  actuation  or  malfunction  os  a  result  of  the 
anticipatea  electromagnetic  environment  in  the  imme¬ 
diate  vicinity. 

15.6  7.1  TESTING.  The  tecting  of  a  component  for  EMI 
con  range  from  a  fairly  simple  procedure  requiring  ordinary- 
equipment  commonly  found  in  most  test  laboratories  to  a 
very  complex  test  program  involving  special  equipment, 
special  screen  rooms,  and  highly  skilled  specialists  to 
conduct  the  test.  The  complexity  is  a  function  of  both  the 
complexity  of  the  unit  to  be  tested  and  the  requirements  of 
the  specification.  The  new  military  standards  (461,  462, 
and  463),  which  supersede  MIL-STD-828,  require  more 
sophisticated  teats  such  as  magnetic  field  measurement 
(Reference  647-4). 
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15.6.7.2  EQUIPMENT  REQUIRED.  The  teat  equipment 
needed  falls  into  two  broad  categories-emiaaion  measuring 
equipment  used  to  measure  interference  generated  by  the 
teat  sample,  and  susceptibility  teat  equipment  used  to 
subject  the  tent  sample  to  interference.  Emission-measuring 
equipment  includes  SMI  meters,  monitoring  devices,  cur 
'fci.t  probes,  ieed-threugh  capacitors,  and  antennas.  Suscep¬ 
tibility  teat  equipment  includes  signal  generators,  power 
amplifiers,  pik<;  generators,  isolation  transformer,  and 
antennas  (Reference  647-4). 

15.6.7.3  TEST  PROCEDURE.  Test  methods  are  described 
in  considerabl;  detail  in  MIL-8TD-462,  As  stated  in  the 
stands -d,  it  would  be  impractical  to  attempt  to  define  a 
procedure  that  suits  every  conceivable  cuss.  Therefore,  an 
emission  test  procedure  will  be  described  here  in  veiy 
general  terms  to  present  an  overall  picture  of  the  effort 
involved. 

After  the  testing  and  display  equipment  has  been  set  up, 
the  first  test  to  be  conducted  would  be  a  recording  of  the 
background  noise  to  determine  its  level  for  the  teat.  It  may 
be  necessary  to  change  the  location  of  the  test  to  conduct 
the  test  at  a  different  time  such  as  at  night  or  on  the 
weekend  when  the  interfering  equipment  would  not  be 
operating.  It  is  also  necessary  to  have  some  knowledge  of 
the  nature  of  the  background  interference,  as  in  some  cases 
the  background  noise  can  eithsr  add  to  the  apparent 
emission  of  the  component  under  test,  which  would  make 
it  appear  to  be  worse  than  it  is,  or  it  can  subtract  from  the 
apparent  emission,  which  would  make  it  look  better  than  it 
is.  This  analysis  is  normally  performed  with  equipment 
known  as  a  correlation  detector. 

If  the  testing  to  be  accomplished  ia  o'  an  infrequent  nature 
or  if  the  item  is  relatively  complex  and  the  permissible 
levels  of  emission  are  low,  it  would  probably  he  better  to 
have  the  work  done  in  a  commercial  laboratory  where  the 
necessary  equipment  and  technical  help  are  available.  If  the 
teat  results  should  indicate  that  the  emission  interference 
levels  are  out  of  specification  limits,  it  ia  highly  advisable  to 
seek  expert  help  in  designing  any  changes  into  the 
suppresaion  circuitry  aa  this  task  cannot  be  accomplished 
economically  on  a  trial  and  error  basis. 

15.6.8  Chatter  Monitor 

Chatter  is  a  momentary  opening  and  closing  of  contacts, 
such  aa  are  found  in  pressure  twitches,  relays,  and  indicat¬ 
ing  switches.  Chatter  may  be  measured  or  observed  by  use 
of  a  galvanometer  and  a  strip  chart  recorder.  This  method 
may  be  used  where  chatter  ax!sts  for  a  considerable  period 
of  time  or  where  only  a  rough  indication  of  chatter  is 
desired.  For  an  accurate  measurement,  an  oscilloscope  is 
normally  employed,  often  in  conjunction  with  a  Polaroid 
camera  which  provides  a  pemanc  t  record  of  the  contact 
actuation.  Chatter  monitor  tests  f.re  often  required  in 
conjunction  with  vibration  te&U. 


15.7  ENVIRONMENTAL  TESTS 
15.7.1  Vibration  Test 

Of  all  the  tests  performed  on  systems  and  components, 
probably  none  is  more  important  than  that  of  vibration. 
This  is  evidenced  by  the  fact  that  more  failures  occur  in 
vibration  testing  than  in  any  other  environmental  test.  For 
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this  ttnon  tad  ths  fact  that  the  subject  to  technically 
comphi,  the  somewhat  d« Uilad  dtocujsion  of  the  subject 
eompttotag  Detailed  Topic  15.7.1.1  has  been  eaeeipted 
from  Vibration  fundamentals  by  Ling  Slectronici  (Re  tar- 
sues  667-3).  In  addition,  Sub-Section  7.3  Includes  such 
applicable  infonnation  as  equation*  for  calculating  natural 
frequencies  and  ariffiieus  t actors  for  some  common  systems. 
Sub-Topic  13  3.6  trsata  various  vibration  environments  and 
suggests  design  techniques  for  reducing  the  effects  of 
vibration. 

16.7.1.1  VIBRATION  FUNDAMENTALS  AND 

enancATioNs 

Sfaioao total  Vibration.  Sinusoidal  motion  to  tha  motion  of  a 
uhsker  table  constrained  to  move  only  up  and  down  in 
responae  to  a  driving  voltage  which  varies  sinusoidally  with 
time.  The  table  displacement  from  its  rest  position  to  ’1  - « 

In  Figure  16.7.1.1a. 


DISfLACIMINT 


VCIOCITY 


A-  -Ow^Stnwt  Tim*,  f—  — 


Figure  16.7.1.1s.  Sinusoidal  Displacement,  Vslocity,  and 
Acceleration 

(Raprintad  with  parmittiot,  from  "Vibration  Fundamental*",  Ling 
Electro  net,  a  Division  of  LTV  Ling  Altec,  Inc.) 


The  most  important  ralationahip  in  tha  preceding  to  tha  one 
between  acceleration  and  displacement.  Dropping  tha  eign 
(acce’eratior  may  ba  either  positive  or  negative),  the 
absolute  value  of  acceleration  to  propcrtinnal  to  the 
product  of  displacement  end  the  square  of  frequency. 

A  =  D  (2 Wf)2  <fq  16,7.1.1a* 


where 

A  -  acceleration,  in /etc 2 
D  ■  displacement,  Inches 
f  *  frequency,  epa 

In  terms  of  g  (g  ■»  A/g«.  where  gc  -  386  In/sec2),  the  peak 
acceleration  to: 


A 


s 


4ir2  Df2 
386 


-  ±0.102Dfa  «iq  18.7.1. iai 


where 

Ag  *  peak  acceleration,  in/sac 

If  Dda  to  now  daflnad  to  be  double  amplitude  (da)  or 
paak-to-paak  displacement,  tha  puk  acceleration  in  g  to: 

Ag  =  0.051  D^f2  (Eq  18.7.1.1c) 

This  relationship  should  be  well  understood.  If  a  constant 
0.01  inch  ds  to  required,  then,  as  frequency  to  increased,  the 
acceleration  rises  rrith  th«  square  of  frequency  a  id  to  equal 
to  0.00061  f*.  A  frequency  of  100  ope  gives  an  acceleration 
of  5.1  g.  Doubling  the  frequency  to  TOO  cps  produces  four 
times  the  acceleration,  or  20.4  g.  Doubting  the  frequency 
again  to  400  cps  produces  four  times  20.4  g  or  81.6  g.  It  to 
evident  from  Equation  (16.7.1.1c)  that  at  low  frequencies, 
displacement  governs  the  maximum  acceleration  obtain¬ 
able,  while  at  high  frequenciae,  acceleration  governs  the 
maximum  displacement  obtainable.  The  crossover  fre¬ 
quency  to  that  frequency  for  which  the  maximum  allowable 
acceleration  and  displacement  are  simultaneously  present. 
The  relationship  between  displacement,  acceleration,  and 
frequency  to  {dotted  in  Figure  15.7.1.1b. 

Resonance.  Resonance  (as  pertaining  to  vibration  tasting)  to 
a  characteristic  pnmind  by  iR  objects  In  varying  degrees 
A  weight  on  a  spring  (pulled  down  end  reHwied)  will 
oscillate  at  a  resonant  frequency  or  natural  frequency 
determined  by  the  mam  and  the  spnng  constant  The 
duration  of  these  oscillations  to  determined  by  the  damping 
in  the  oscillating  system.  The  more  damping,  the  sooner  the 
maae  will  come  to  rest  Without  damping  the  mam  and 
spring  would  oscillate  forever.  One  of  the  main  purposes  of 
vibration  tearing  to  to  detect  resonances  in  the  tost 
specimen,  for  it  to  at  the  resonant  frequencies  that  rndkt 
damage  can  occur.  The  equation  used  to  determine  natural 
(resonant)  frequency  follows: 


(Eq  16.7.1.1d) 


where 

fn  -  natural  frequency,  cps 
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K 

M 


Hiring  constant,  Ibf/in. 


* 


396  tn  /vac* 


(le  1tb7.Ha) 


wharv 

I  »  local  acceleration  of  grav'ty,  386  in/rae* 

A  “  static  deflection,  Inch  (dua  to  force  of  gravity  on 

M) 

In  dealing  with  r'actramachankal  devices  excited  by 
electronic  equipment,  it  la  important  that  mechanical/ 
electrical  anaiogwe  be  undontood.  The  input  impedance  of 
a  shaker  is  Important  when  driven  electrically.  A  dear 
understanding  <  f  this  impedance  s  tho  associated  reso¬ 
nance  phenomena  requires  thr  ,  vilogiee  be  used.  In 
vibration  work,  the  inverse  or  shunt  electrical  analogs  ere 
commonly  used  u  shown  in  Table  15.7.1.1a. 

TaSte  ■•,7.1.1a.  Inverse  of  Shunt  Kleetrieei  Analog  hf  VUsretton 

VfllMI 


fa dipwd  tuto  parm/stion  from  "Vibration  Fundamantak  Ling 
Ebctrvntci.  a  Division  of  L  TV  Urn)  Altac,  Inc.) 


MECHANICAL 

INVERSE  ELECTRICAL 

W 

Maas 

M“  7 

jpv  2 

C 

Damping 

R 

Conductance 

0 

Compliance 

C 

Inductance 

L 

Force 

F 

Current 

I 

Velocity 

\ 

Voltag. 

E 

Just  aa  the  mass  and  compliant  spring  oscillate  in  the 
mechanics)  sense  (damping  by  friction),  in  the  elec  trie  si 
senes,  an  inductance,  capacitance,  end  resistance  connected 
together  in  a  circuit  will  have  a  resonant  frequency.  The 
damping  is  determined  by  the  resistance  t reciprocal  of 
conductance)  of  the  circuit. 

The  energy  analogs  between  mechanic*  and  electricity  are 
aa  shown  in  TtWs  15.7.1.1b. 

Tahto  18.7.1.1b.  Energy  Analogs  batwaen  Mechanics  and 
Electricity 

(Adaptad  with  permission  from  '* Vibration  Fundamantals ",  Ling 
Fhctronics.  a  Division  of  L  TV  Ling  Altac.  Inc.) 


QUANTITY 

MECHANICAL 

RELATION 

INVERSE 

ELECTRICAL 

RELATION 

Stored  energy, 

mass 

J  (MV2) 

2  (CE2) 

Stored  energy, 
spring 

T(CF2) 

i(u2) 

Damping  loss 

RV2  j 

GE* 

The  above  analogs  are  derived  from  the  differential  equa¬ 
tions  that  daacriha  hotti  the  mechanical  and  electrical 
systems.  These  relationship*  are  useful  In  that  a  person 
w xperi*  need  with  electrical  circuits  but  not  mechanical 
circuits  can  transform  (lie  letter  ln*o  hit  frame  of  reference 
and  vice  verse.  They  are  also  useful  when  dealing  wit*i 
electromechanical  devices. 

hi  dealing  with  resonance  phenomena,  it  in  h  Jpful  to  uae  a 
dimensionlew  parameter  known  at  C,  which  describes  the 
amount  of  damping  in  tbe  system  in  relation  to  tha  stored 
energy  of  the  system.  A  high  Q  system  has  low  damping. 
While  there  are  many  definitions  for  Q,  the  easiest  oi  r  to 
understand  is  that  defining  Q  at  the  ratio  of  total 
st  ired-energy  to  energy  lost  per  angular  cycle.  This 
definition  literally  applies  to  high  Q  cases,  but  if  stored 
energy  Vs  interpreted  to  he  the  avenge  stored  energy  during 
the  period  of  one  full  cycle,  the  definition  can  still  apply  to 
low  Q.  Thus,  the  Q  of  the  system  by  thie  definition  is: 


<tq  18.7.1.11) 


In  a  mechanical  case,  if  we  have  a  mass,  a  spring,  end  a 
damper  in  oscillation  as  shown: 


where 


C  *  total  spring  compliance 
R  *  total  damping 
to  -  angular  frequency 


In  the  mechanical  case  of  fcrcod  vibrations,  the  situation  is 
more  complicated.  The  damping  factor  is  important  when 
interest  lies  in  the  amplitude  of  vibration*  at  or  nesi 
resonance.  Consider  she  driven  system  shown,  where  a 
motor  of  weight  W  is  suspended  on  springe  having  an 
eccentric  maw  on  its  shaft.  As  the  motor  turns  to  radians 
per  second,  centrifugal  force  producer  an  excitation  to  the 
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system.  Although  constrain*!  in  th*  lateral  direction,  •<.  car 
move  in  tha  vertical  direction.  Damping  i*  provided  by 
friction  between  the  rolisis  ard  the  conatraining  tide*.  If 
the  spring  constant  ’>  k,  then  wc  can  compute  the 
amplitude  of  forced  vibration  as  a  function  of  the  system 
damping  and  the  exciting  frequency.  Hie  maximum  dis¬ 
placement  is  given  by  the  impression: 


where 

D  -  static  displacement  due  to  the  eccentric  mass, 
inches 


1/2 

f  -  damping  factor  given  by  *-  j 

If  one  plots  a  family  of  curves  of  thin  maximum  displace¬ 
ment  sr-  frequency  is  varied,  they  appear  as  shown  in  Figure 
15.7.1.1c.  As  the  damping  factor  (f  )  is  increased  in 
relation  to  maas  of  the  system,  the  amplitude  of  the 
resonance  buildup  is  decreased  markedly,  although  the 
amplitude  at  frequencies  well  away  from  resonance  is  not 
greatly  affected. 

The  sharpness  of  a  resonance  curve  in  either  an  electrical  w 
mechanical  system  is  related  to  the  Q  in  tha  system,  which 
in  turn  depends  on  the  amount  of  energy  dissipation  ot 
damping  prerent.  It  is  characteristic  of  a  high  Q  system  that 
for  a  given  amplitude  of  oscillation,  leas  energy  is  required 
to  excite  that  oscillation  than  for  a  low  Q  system.  This  is  an 
important  point  in  vibration  work  becau/s  this  means  that 
relatively  little  excitation  is  required  at  a  high  Q  resonance 
point  to  produce  very  high  stresses  in  the  specimen. 

Random  Vibration.  Random  vibration  is  important  be¬ 
cause  in  most  aerospace  applications  the  excitation  forces 
are  not  at  discrete  points  in  a  frequency  spectrum  but 
rather  exl-t  over  a  wide,  continuous  band  of  multiple 
frequencies.  In  order  to  more  closely  simulate  the  actual 


Figure  16.7.1.1c.  Damp;ng  factor  Characteristic 
(Adapted  with  parmiulon  frvrr  “Vibration  Tunoamantat*',  Ling 
Cbctronict,  a  Division  ot  L  TV  Ling  Altac,  lix.l 


environment  the  equipment  will  encounter,  random,  rather 
than  periodic,  forces  must  be  generated  in  vibration  seat 
equipment.  The  sinusoidal  esses  already  discussed  have 
dealt  largely  with  peck  or  peak-to-peak  amplitudes.  In 
random  work.  It  Is  more  convenient  and  meaningful  to  deal 
with  root-mean -square  (rms)  values  of  such  quantities  as 
displacement  and  acceleration.  The  nrs  value  of  an  electri¬ 
cal  or  mechanical  quantity  is  related  to  energy.  The  rana 
value  of  a  sinusoidal  alternating  current  of  peek  value  I  is 
th#  equivalent  direct  currant  which  will  produce  the  same 
amount  of  neat  in  a  dissipating  element  as  the  alternating 
current.  The  power  dissipated  by  resistance  (r)  with  a 
current  (i)  flowing  through  it  is  given  by  p  -  l*r.  The 
instantaneous  power  dissipated  varies  as  the  square  of  the 
current  for  voltage).  It  can  be  seen  that  the  average  of  I* 
wave  is  1^/2. 

1 


The  squire  root  of  thjp  average  is  the  rms  or  affective  value 
of  the  current  i:  I/V2  -  0.707  L  In  the  case  of  a  complex 
wave  containing  many  frequencies  ana  amplitudes,  to  find 
the  rms  value  it  is  necessary  to  square  the  amplitude  of  the 
vave  at  every  poic  t  in  time,  find  the  average  value  of  the 
squared  wave  over  a  given  period  of  time,  and  extract  the 
square-root  of  this  average  value.  In  practice,  this  is  done  by 
a  true  rms  meter.  An  ordinary  peak  or  average  reading 
meter  is  not  food  enough  tc  find  the  true  rms  value  of  a 
random  wave  or  one  containing  many  frequencies. 

It  is  not  possible  to  specify  the  frequency  of  a  random  wave 
system,  because  all  frequencies  ere  present  simultaneously, 
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ov  at  toast  all  frequencies  within  some  ipwlfiid  bandwidth 
an  present  In  otder  to  conveniently  cope  with  calculations 
and  experimental  work  involving  random  qutntlttos,  the 
concept  known  as  acceleration  density  ia  -lsed  in  the  asms 
wan  mat  a  total  automation  of  acceleration  density  over  a 
frequency  spectrum  ytolda  th«  nwtiHqutn  valur  of  the 
accato ration,  fhi  units  for  accatoration  density  arc  g*  iir 
epa,  anaiofoua  to  |2  or  e*  par  cycle  in  the  case  of  e'actrlcal 
*  ui  titles.  The  acceleration  density  L>  literally  defined  as: 

g  -  Limit  —  He  M./.1.HI 

B  -O  B 


a  ■  rma  value  of  the  random  acceleration,  tn/sec? 

B  “  bandwidth  or  range  of  frequencies  under  con¬ 
sideration,  epa 

If  the  bandwidth  (B)  la  made  to  approach  aero  epa,  the 
acceleration  density  given  by  Squatlon  (15.7.1.11)  ia  that  of 
a  single  component  frequency.  A  plot  of  the  acceleration 
density  of  each  component  frequency  gives  a  curve  of  g? 
per  epa  versus  frequency  over  the  frequency  spectrum  of 
interest.  Thk  is  known  ra  the  power  cpectral  density  (PSD) 
curve.  It  is  apparent  that  a  complete  description  of  a 
random  vibration  test  requires  a  specification  of  the  PSD  to 
be  used.  When  the  PSD  is  flat  (that  is,  all  .'requency 
components  are  present  at  an  equal  energy  level),  the 
random  motion  h  referred  to  ea  white  noise. 


In  certain  situations,  the  total  rms  vibration  level  has  an 
absolute  significance.  For  example,  the  mechanical  powwr 
dissipated  In  a  structural  member  undergoing  oscillating 
elastic  deformation  if  directly  proportional  to  the  mean- 
square  (rms2)  value  of  the  oscillating  strain,  regardless  of 
the  waveform  of  the  oncillwtion.  The  total  rma  vibration 
level  represented  by  a  particular  PSD  may  be  determined  by 
making  a  total  summation  of  all  the  increments  of 
acceleration  density  over  the  entire  bandwidth.  This  is  the 
mean-square  acceleration,  end  the  square  root  of  thia  area  ia 
the  root-mean-aquww  acceleration,  where  gQ  is  the  accel¬ 
eration  density  in  g*  per  cpi 

g2,,„  =  L  (*,1*7.1.11) 

f 


A  more  formal  definition  of  rms  acceleration  in  the  random 
situation  is: 


rms 


(E,  18.7.1,1k) 


For  a  flat  or  white  noise  spsctiym,  g(f)  -  to- 

grm.  =  i«<1  <B7.1.1i) 

where 

B  -  bandwidth,  epe 

go  **  acceleration  density,  gtyops. 

if  we  have  go  given  aa  0.1  g^  per  cps  and  B  given  ea  1000 
epa,  tha  rms  value  of  acceleration  ia  (0.1  x  1000)1/*  ■ 
10  g.  A  nomograph  of  thia  ralation  is  given  In  Figure 
15.7.1. Id. 

Thar*  are  many  possible  PSD  curves,  other  than  the  flat 
spectrum,  which  might  be  used.  It  is  well  to  point  out  that 
even  though  the  frequency  spectrum  of  a  random  signal  ia 
not  flat,  a  signal  u  no  lees  random.  A  truly  random 
accatoration  follows  what  ia  known  aa  a  Gaussian,  or 
normal,  distdbuiion  of  instantaneous  accelerations.  The 
G*  usidan  distribution  means  that  the  probability  of  occur¬ 
rence  of  Instant&reous  acceleration  ia  such  that  the  acceler¬ 
ation  will  be  lees  than  the  mis  level  48  parcel. t  of  the  time, 
leas  than  twice  the  rma  level  96  percent  of  time,  and  laaa 
than  three  times  the  rms  level  99.7  percent  of  the  time.  In 
practical  equipment,  there  are  limits  to  the  peak  ceiera- 
tiens  (and  displacements)  obtainable.  The  accepted  stan¬ 
dard  for  random  vibration  systems  ir  a  capacity  to  product 
peak  acceleration  equal  to  threw  times  the  rated  rms 
accelerations.  Thus  in  practice,  99.7  percent  of  a  true 
Gaussian  distribution  ia  reel  is  ed.  To  determine  the  random 
rms  g  rating  of  a  particular  shaker  amplifier  system,  refer  to 
the  plotted  curve  of  system  limits.  These  curves  an 
determined  by  a  combination  of  amplifier  input  limit,  plate 
dissipation,  output  transformer,  and  shaker  heat  limit  for 
various  mast  load  conditions. 

Occasionally,  other  types  of  PSD  curves  are  specified.  In  all 
cases,  the  important  thing  to  remember  is  that  the 
mean-square  acceleration  in  a  given  bandwidth  is  equal  to 
the  area  under  the  PSD  curve  covering  that  bandwidth.  The 
root-moan-equare  (rma)  acceleration  is  the  square  root  of 
that  area.  Sometimes  a  PSD  curve  is  given  in  the  form: 


■l  ’2 

to- b-H 


For  this  ceee, 


the  rms  acceleration  is  given  by: 


IE,  18.7.1.1ml 


For  the  special  case  where  fl  and  fg  are  very  close  together 
slid  approximately  equal  to  frequency  foB,  it  reduces  to  a 
small  value  of  At 
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ran  oc  m  vi  •  ration  nomograph 


(S),  ep« 


o.oi  - u - 


Fiiwn  15.7.1.14  Nomoy^i  for  Flat  Fowai  tpactrd  Danaity 
(AC*pt*d  m 4th  parmluion  from  "Vibration  Fundamental*",  Ling  Electronic*.  a  Dhriiion  of  LTV  Ling 
Altac.  Inc  / 
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Aiotlir  type  o'  PSD  curve  sometime#  UMdli  diilnd  (tom 
pntabOlty  theory  ((tom  th*-  Gauaaian  error  «um)i  It  l> 
Mid  bsirann  the  QauasUw  tnoc  rurve  to  a  doee  approxima* 
tfcm  to  (to  amplitude  ttnui  freouency  iwponw  of  many 
wbotrieal  and  mechanical  fttWre.  These  an  encountered  In 
practice,  especially  over  tha  frequency  range  when  ra- 
apocoa  to  aicnldeuit 

PSD  curve  (ram  a  Oauaalan  error  curve  *a: 


Acotiiw  PSD curve  to  ghren  by: 


Where  e  ■  2.71,  tha  baaa  of  natural  or  Naparian  logarithms, 
and  tha  conatuit  (k)  to  found  from  tho  valua  of  g(f)  -  g«  at 
aoena  frequency  f  j : 

k  =  [Ln  /}£,  )]  1/2  (la  18.7.1.1o» 
Tha  rma  valua  of  accaleratlon  for  this  caae  to: 


0.0683  |8  par  cpa.  Tha  energy  (gJm,)  In  both  cam  ia 
Identical,  but  .ha  diatrtbuiloo  In  the  nequency  spectra m 
haa  been  altered  cc  shown: 


In  tha  caaa  whan  tha  grmi  I*  required  to  ba  tha  same  for  a 
flat  PSD  spectrum  ana  Uta  Qausalan  spectrum,  using  tha 
maximum  PSD  of  tha  Qauseian  apwctnm,  tha  bandwidth  B 
to  at  tha  frequency  whan  tha  P8D  to  46.6  percent  of  tha 
Gauaaian  maximum.  Id  tha  figure  below,  tha  area  under  tha 
Gauaatiui  »p<*c tram  (beyond  the  frequency  fi)  la  )uat  equal 
to  tha  craawhatched  ana  In  tha  rectangular  apactram  below 
tha  frequency  ?i ,  Thir  relationship  to  useful  in  eatlmating 
mu  I  a  vela  from  Gaussian  type  PSD  curvet;  it  to  eaaily 
proved  by  aquating  Equations  (1C. 7.1. II)  and  (16.7.1.1p) 
with  B  ■  f i  and  solving  for  go/gj. 


Thto  to  the  result  for  infinite  bandwidth.  Aa  long  as  gt/gj  to 
fairly  large  (corresponding  to  a  bandwidth  sufficient  that  f\ 
to  fairly  email  compared  to  go),  gm*  will  not  differ 
appreciably  from  that  given  in  Equation  (1 5.7.1.  Ip). 


There  ere  near*  Vitere  the  mein^nuaiv  (UWflei  etkm  jig  not 
especially  significant.  In  a  dynamic  fatipue  failure,  tha 
msan-aquare  amplitude  of  vibration  may  be  a  uaefu! 
measure  for  comparing  similai  random  vibrations;  an 
absolute  criterion  for  failure  may  require  other  statistical 
information.  Failures  forced  at  resonant  frequencies  with 
sine  wave  testing  tall  relatively  little  about  the  ability  of  the 
specimen  to  withstand  an  actual  missile  environment  where 
the  vibration  excitation  is  very  much  like  noise. 


For  example  : 

I0  “  0.1  g2  pereps 

fj  *  2000  cps 

gj  -  0.01  g2  par  cpa 

Equation  (lb.7.1.1p)  gives:  grmt  ’  10.8 

Using  the  values  in  the  example  for  the  Gauaaian  section,  an 
equivalent  PSD  for  a  flat  spectrum  to  2000  cpa  (fj)  is 


To  obtain  a  meaningful  value  of  the  spectral  density 
(relatively  stationary  with  time),  it  is  necessary  to  average 
the  meuvsquere  output  over  a  time  which  to  compared  with 
the  reciprocal  of  <Se  bandwidth.  Hie  required  averaging 
time  depends  on  tiie  desired  confidence  limits.  It  can  be 
shown  that  the  measured  value  of  the  spectral  density 
(averaged  over  a  frequency  band  Af  for  a  time  T)  will  be 
within  Si  db  of  the  long  time  value  for  only  about  half  the 
time  if  Tftf  »  6.  If  it  to  desired  that  the  measured  value  be 
within  these  limits  for  at  leaat  96  percent  of  the  time,  it  to 
noceasary  that  TAf  >  60. 
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Rindoffl  DiftaoMltMt.  To  determlri  testing  equipment 
limitations,  It  is  iwwmty  to  und*  .stand  how  to  figure 
displacement. 

Recalling  that  displacement  and  acceiemtlon  are  related  by 
A-  «  0.10a  Df*  (Bq  15.7.1.1b),  than  D  -  9.Y7  Ag/l*.  If  jC 
lain  raa  unite,  so  la  O.  In  a  email  bandwidth  (A f  and  power 
spectral  denaity  gc  given  in  g  ,-xr  cps),  he  mean-square 
displacement  (Dm)  in  the  bandwidth  of  f  is 


;(9.77)*fc~ 


95.5  fc 


Af 
f4 

<Eq  15.7.1. Iql 

To  obtain  the  mean-square  displacement  over  the  band 
frequenc’  »  extending  from  f  i  to  fo,  it  ia  necessary  to  sum 
up  the  individual  areas  represented  oy  the  above  equation; 


D>  ~  95.5 

•tl 


(Kq  1&7.1.1r> 


To  obtain  the  maximum  double  amplitude,  or  peak-to-peak 
displacement  (Dda)>  it  ie  necessary  to  multiply  the  rms 
value  by  3  for  peak  displacement  and  again  by  2  for 
peek-tc  peak  displacement.  If  a  perfectly  flat  1*SD  cuive  ie 
considered  extending  from  fi  to  f2  and  aaauming  f2  »  fi, 
then: 


Dda-34( 


/-V/2 

v!/ 


(Eq  15,7.1.1a) 


A  moth  realistic  situation  however  ia  not  to  assume  a 
rectangular  PSD  curve,  but  to  assume  one  which  attenuates 
at  some  ■  finite  rate  below  the  frequency  of  f;.  This  is 
became  no  real  filter  can  produce  the  ideal  rectangular 
spectrum.  Assuming  the  ?8D  curve  to  attenuate  24 
db/octave  (acceleration  denaity  in  g*/cps  and  falling  to 
(1/16)*  or  1/256  of  its  fi  value  at  one-half  the  frequency 
fl).  then. 


Ddi  =  42.8f  — 


"W 


;fcq  15,7.1. Ill 


where 

Dda  ”  double  amplitude,  inches 
go  *  acceleration  density,  g2  rms/cps 
f i  "  cutoff  frequency,  cps 

Equation  (16.7.1. It)  is  used  by  Ling  in  preference  to 
Equation  (16.7.1.1s)  because  it  is  more  conservative  and 
more  closely  represent*  the  true  situation  where  a  sharp 
low-frequency  cutoff  is  not  obtainable.  A  nomograph  of 
Equation  (15.7.1. It)  is  given  in  Figure  16.7.1. le.  (Ling 
offers  a  vibration  slide  rule  which  may  also  be  used  to  solve 
this  equation.)  As  an  example,  » ami  me  a  shaker  limited  to 
0.6  inch  da  displacement.  To  use  an  acceleration  density  ot 
0.4  g2/cps,  what  ia  the  lowest  frequency  of  the  spectrum, 
Le.  what  cutoff  frequency  must  be  used,  for  a  24-db-per- 
octave  filter?  Laying  a  straight-edge  between  0.4  on  the 
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go  snsi'i  and  0.6  on  the  D,i,  scale,  the  tn ‘Artec lion  on  the  f; 
scale  is  14.  j  cps.  If  the  shaker  were  spa  bin  of  1.0  da 
displacement,  the  frequency  could  be  decreased  to  9.02 
cps.  As  another  example,  for  s  lov  -frequency  cutoff  of  6 
cptt  and  s  shaker  limited  to  *  1.0  dt  displacement, 
acceleration  density  cannot  exceed  0,068  g*/cpe. 

Where  »  simultaneous  combination  of  random  and  sine 
wave  vibration  exists,  the  total  displacement  is  found  by 
adding  the  maximum  tine  wave  total  displacement  to  the 
random  double  amplitude  displacement  detennined  in 
Equation  (15.7.1.H). 

Specifications.  The  following  specifications  are  widely  used 
in  military  vibration  testing: 

1)  MIL-E-6272,  “Environmental  Testing,  Aeronautical,  and 
Associated  Equipment,  General  Specifications  for” 

2)  MIL-8TD-16?n  /'Mechanical  Vibrations  of  Shipboard 
Equipment” 

3)  MIL-E-8189,  “Electronic  Equipment,  Guided  Missiles, 
General  Specifications  for” 

4)  MlL-R-4970,  “Environmental  Testing,  Ground  8upport 
Equipment,  General  Specifications  for” 

5)  AFSO  Minus!  606 

3)  MIL-STD-810,  “Environ menial  Teat  Methods”. 

15.7.1.2  VIBRATION  LEVELS.  The  appropriate  level  of 
vibration  to  be  used  for  testing  a  particu'ar  part  is  often 
unknown.  Other  uncertaintier  are  the  type  of  vibration  to 
be  used:  sine,  random,  acoustic,  or  a  combination  of,  all 
three;  and  ins  axes  through  which  the  specimen  is  to  be 
tested.  If  the  specified  ievels  are  too  low  (a  rare  occui 
rence),  the  pat’  may  fail  on  the  vehicle.  If  the  levels  are  too 
high,  an  unnecessary  penalty  in  dollars  and  weight  is 
imposed. 

Vibration  levels  are  determined  in  several  wty^,  each  having 
advantages  and  disadvantages.  A  description  of  the  pro¬ 
cedures  for  determining  these  levels  follows. 

Er.  irenmenUl  Prediction.  In  the  case  of  a  component 
being  supplied  for  a  vehicle  not  yet  built,  the  vibration 
levels  to  be  expected  must  be  predicted  based  on  the 
genera!  design  of  the  structure  and  information  availafa's 
from  similar  vehicles.  A  large  degree  of  uncertainty  as  to 
the  validity  of  the  levels  must  necessarily  be  present  when 
this  procedure  is  used. 

Data  Acquisition.  In  this  procedure,  tuai  data  is  acquired 
from  an  existing  vehicle.  If  the  veh.de  is  an  airplane,  the 
data  acquisition  is  relatively  inexpensive  and  can  be  quite 
reliable,  us  the  instrumentation  can  be  carried  and  moni¬ 
tored  on-board.  In  the  case  of  the  space  vehicle,  the 
problem  is  more  complex  because  the  amount  of  data  that 
can  be  acquired  is  limited  by  factors  such  as  the  weight  that 
can  be  ca;  .iod  and  the  relatively  short  launch  duration. 

Extrapolation  of  Data,  If  the  vehicle  to  be  built  is  similar 
to  «  previous  vehicle,  vibration  levels  may  be  inferred  from 
data  taken  on  the  previously  tested  vehicle.  This  data  will 
tend  to  be  more  accurate  than  data  calculated  for  a  new 
vehicle  but  is  still  subject  to  severe  limitations  in  accuracy. 

Zoning.  Information  from  any  of  the  above  procedures 
may  be  used  to  arbitrarily  designate  zon.is  within  a  vehicle. 
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V>  — * — 


Flgura  15.7. 1.1a,  Homograph  for  Random  Dia|»:#o*f.v*it  (Peak  to  Paak)  varwa  Povwar  ftpaetrai 
Daiwty 

(Adapted  with  permission  iron.  ' Vibration  Fundamentals",  Ling  Electronics,  a  Division  of  LTV  Ling 
Altec,  Inc.) 


15.7.1  10 


ISSUED  NOVEMBER  1968 


H-H  !•  1-1-4 


COMPONENT  TESTING 


VIBRATION  TEST  EQUIPMENT 


In  this  procedure,  tnmy  piece  of  equipment  in  a  gi;en  zone 
ia  considered  to  b*  subject  to  ‘  He  same  level  of  vibration. 

It  is  apparent  that  the  range  of  uncertainty  associated  with 
specified  levels  in  any  given  vibration  test  specification  may 
be  quite  large.  Hio  specification  writer  should  consider  the 
uncertainties  in  the  various  methods  of  setting  test  levels 
and  should  make  every  effort  to  ensure  that  they  are 
realistic,  The  design  and  test  engineer  should  be  aware  that 
the  values  set  in  any  specification  may  be  in  error  when 
applied  to  a  particular  component  or  system.  With  this 
awareness,  a  requirement  that  is  unrealistic  may  be  detec¬ 
ted,  re  evaluated,  and  modified. 

15.7.1.3  TYPES  OF  VIBRATION  TESTS 

Development  Testa  Development  tests  are  conducted  on 
components  to  obtain  basic  data  regarding  the  design. 
These  tests  are  often  more  informal  than  qualification  or 
acceptance  tests  as  the  usual  instnimentation  and  inspec¬ 
tion  constraints  do  not  apply.  In  many  cases,  the  compo¬ 
nent  can  be  mounted  to  a  simple  fixture,  and  its  action 
observed  under  arbitrarily  selected  levels  of  vibration.  A 
strobe  light  which  may  be  made  to  flash  in  synchronization 
with  the  vibrator  is  a  useful  tool  for  observing  the  action  of 
th.i  component.  If  vibration  equipment  is  available  in- 
house,  many  tests  may  be  run  in  a  matter  of  minutes  and 
involve  only  the  test  engineer  and  perhaps  the  vibration 
machine  operator,  as  contrasted  with  the  formal  test  which 
may  involve  considerable  time  because  of  the  requirements 
for  fixture  design,  fixture  checkout,  inatrument-ifion,  wit¬ 
nesses,  and  so  forth. 

Design  Verification  Test  (DVT).  A  design  verification  test  is 
conducted  on  the  component  to  verify  the  design  of  the 
completed  unit  (see  Sub-Topic  15.2.2).  In  this  test  the  unit 
is  subjected  to  the  complete  vibration  requirements  as 
noted  in  the  specification.  This  test  may  be  more  severe 
than  in  the  qualification  test  of  the  specification.  In  some 
instances,  after  a  component  has  successfully  completed  a 
rigorous  DVT,  the  qualification  test  requirements  may  be 
greatly  reduced  based  on  the  information  obtained  during 
the  DVT.  One  reason  fer  the  severe  DVT  is  that  a  failure 
occurring  in  DVT  may  be  corrected  with  fewer  reporting 
and  contractual  implications  than  a  failure  that  occurs  in  a 
qualification  test. 

Acceptance  Testing.  Vibration  tests  are  often  specified  as 
part  of  the  acceptance  test  tor  a  component.  The  vibration 
levels  are  usually  set  much  lower  than  the  !e%els  used  in 
qualification  testing.  The  purpose  of  the  test  is  to  discover 
any  discrepancy  that  may  have  occurred  in  manufacture, 
such  as  a  cold  solder  joint  or  a  bad  weld.  Hign  quality 
electric  relays  are  often  subjected  to  low  level  vibration 
testing  as  a  routine  manufacturing  procedure. 

15.7.1.4  TYPES  Ot  EQUIPMENT 

Mechanical  Vibrators.  Motor-driven  mechanical  vibrators 
use  a  scotch  yoke,  simple  crank,  or  sire'lar  mechanism  to 
impart  reciprocating  motion  to  a  table  or  to  a  specimen. 
The  ace? deration  level  and  frequency  inputs  con  be  varied 
by  changing  displacement  or  the  rotational  speed  of  the 
motor  or  both.  With  proper  controls,  they  may  be 
programmed  to  vary  the  inputs.  These  vibrators  are 
relatively  inexpensive  and  are  used  in  testing  small  compo¬ 
nent*  for  which  the  requirements  of  frequency  and  acceler¬ 
ation  are  not  too  exacting. 

Simple  Shaken.  Electromagnetic  shakers  normally  used  in 
industry  for  such  tasks  as  vibrating  paper  st'«ck,  IBM  cards, 
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or  other  materials  may  be  used  to  good  advantage  where  it 
is  not  required  to  meet  stringent  MIL  Spec  requirements. 
With  a  'lO  epa  input  the  device  produces  a  clean,  pur*  half 
cycle.  Machines  am  available  that  will  produce  accelerations 
from  1  g  to  about  100  g  and  tnc  terel  is  normally  controlled 
by  a  simple  rheostat  on  the  machine.  If  more  precise  g 
levels  are  desired,  *  V  arise  controlling  the  power  line 
voltage  may  be  used.  These  machines  are  ideally  suited  for 
performing  preliminary  teats  before  submitting  a  specimen 
to  the  much  more  expensive  electrodynamic  vibration 
programs. 

FJectrodynamic  Vibrators.  The  most  common  vibrator  in 
use  in  the  aerospace  industry  is  the  electrody  namic  vibrator 
which  consists  of  a  coil  moving  in  direct  proportion  to  an 
input  voltage.  These  vibrators  have  a  force  output  ranging 
from  2  to  35,000  pounds.  They  may  be  programme,?  to 
produce  a  sinusoidal  waveform,  random  vibration,  or  to 
duplicate  any  pattern  from  a  magnetic  tape. 

Electrohydraulk  Shaken.  The  electrohydraulic  shaker  (or 
hydrashaker)  consists  of  a  hydraulically-dfven  piston  or 
actuator  controlled  by  a  servovalve  which  receives  a  signal 
from  a  recorded  tape.  This  type  of  shaker  is  useful  where 
very  high  force-pound  outputs  are  required  and  where  the 
frequency  does  not  exceed  approximately  500  <:pa.  The 
force  output  of  these  shakers  is  about  100,000  pounds. 

Acoustic  Vibrators  —  Noise  Generators.  There  are  three 
types  of  facilities  in  general  use  for  conducting  acoustical 
tests.  These  are  progressive  wave  tubes,  standing  wave 
tubes,  and  reverberant  wave  chambers.  Progressive  waves, 
standing  waves,  and  diffused  fluids  will  exist  us  a  function 
of  frequency  range  of  these  facilities. 

1)  Progressive  Wave  Tube.  A  fre>'  progressive  wave  in  a 
medium  free  of  boundary  defects  propagates  with  the 
velocity  of  sound.  In  a  progressive  wave  tube,  the 
acoustic  source  is  coupled  to  a  suitable  test  section  by  an 
acoustic  horn.  Reflections  are  avoided  by  a  termination 
placed  at  the  end  of  the  test  section. 

2)  Standing  Wave  Tube.  A  standing  wave  tube  is  a  device 
containing  a  periodic  wave  having  a  fixed  distribution  in 
space  wh,ch  is  the  result  of  interference  of  progressive 
waves  of  the  same  frequency  and  kind.  The  standing 
wave  tube  is  terminated  by  a  hard  or  semi-hard  reflecting 
surface  which  causes  waves  characterized  by  the  exis¬ 
tence  of  pressure  nodzs  or  partial  nodes  and  anti-nodes 
fixed  in  space. 

3)  Reverberant  Wave  Chamber.  A  reverberant  wave 
chamber  is  an  enclosure  containing  a  diffused  scu  ad 
field  in  which  the  time  average  of  the  mean-square  s  >unci 
pressure  is  everywhere  the  same,  e.id  the  flow  of  energy 
in  ail  directions  is  assumed  to  be  equal. 

While  acoustic  testing  L»  becoming  increasingly  important,  it 
still  must  be  regarded  as  a  specialized  field  limited  to  large 
prime  contractors,  governmental  agencies,  and  private 
laboratories.  MIL-STD  515  1  and  MIL-STD  515-5  give 
general  information  on  this  test. 

There  ere  numerous  accessories  which  may  be  required  it: 
addition  to  the  basx  shaker  and  control  equipment.  Some 
of  these  accessories  are  as  follows : 

1)  An  instnimentation  quality  tape  recorder  and  playback 
system  are  used  to  record  output  from  the  accelerom- 
etets  and  to  play  this  recording  back  *o  the  shake,  at  a 
later  date  or  to  program  vibration  levels  to  the  machine 
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U  may  *1*0  b»  mm  t»  pity  output  ranonk  bocV.  to  an 
onBopph  for  viml  IntoipntitkM. 

t)  An  Intamn  ipku  say  bo  iwmliad  between  the  t Holt  or 
worn  and  tho  control  room.  Tne  he»d  set  a.ma  •  dual 
wtarposs  la  that  H  provides  w  protection  from  tho  high 
iwwb  of  nob*  and  unrestricted  contmL.dcation.  Qener- 
ally  It  ia  Important  that  ia  operator  bo  next  to  tho 
cumpeaer  ‘  abon  performing  thqumey  excursions  u 
rroooapco  teste.  Actual  visual  obaarratio.i,  touch,  and 
eatofril  listening  for  intermittent  aounch  an  extremely 
Important 

5)  A  slip  table  ia  ik  'tor  ary  for  hcrisonUl  vibration  tasting 
of  largo  items.  A  aUp  tabta  eonaista  of  a  specially- 
formulated  heavy  block  on  which  the  fix  tun.  slid**.  An 
oil  film  ia  maintained  between  too  block  and  the  fixture 
to  dacnaac  friction. 

4)  8  wad-proofing  of  the  control  room  often  helpa  to 
minimis*  operator  fatigue  and  reduce  esrora. 

6)  Qoood  circuit  tetevieion  may  be  nsceaaary  for  viewing 
Sana*  aetupa  which  the  operator  may  be  unable  to  aoe  or 
which  may  be  hasardou*  if  viewed  at  too  doae  a  range. 

0)  A  atrobowopic  light  system  for  viewing  the  teat  item  dl1 
be  very  umAiL  The  flashing  rate  of  the  strobe  can  be 
controlled  in  tne  earn*  manner  u  the  input  to  flit 
shaker. 

?)  An  oscilloscope  for  viewing  motion  waveforms.  (A 
Polaroid  camera  for  recording  these  waveform*  k  often 
required.) 

8)  A  multichannel  recording  oscillograph  for  making  per¬ 
manent  records  of  multiple  signals,  such  aa  those 
required  during  the  conduct  of  a  functional  test,  will  be 
mandatory  on  many  programs. 

9)  An  assortment  of  accelerometers  will  be  found  to  be 
necessary.  These  devices  come  in  various  ranges  and  are 
uttd  for  monitoring  the  levels  at  various  points  on  a 
flxtav  aid  for  controlling  toe  tinker  power  supply. 
Amplltk«*a  and  readout  meters  for  these  additional 
accelerometers  will  be  required. 

Fixture  Design.  In  sll  but  the  simplest  cates  it  is  best  to 
have  the  fixture  designed  by  a  person  with  extensive 
experience  in  the  field.  While  die  beak  principle*  of  design 
apply  to  fixtures  as  tc  any  other  device,  toeie  U  ctaatder- 
abie  art  involved  in  executing  a  design  relatively  free  of 
unwanted  resonances  and  amplification.  It  is  important 
that  the  center  of  gravity  of  the  test  specimen  b  s  precisely 
d  trmined  and  installed  directly  over  the  axis  of  the 
vibrator  to  prevent  vnwriUd  couplet.  Generally  teats  are 
conducted  separately  in  the  X,  Y,  and  Z  axes.  Ease  of 
mounting  and  ease  of  changing  of  axes  are  important  from 
a  cost  standpoint  because  time  chargee  for  this  equipment 
gene~tiiy  continue  aa  long  as  toe  specimen  is  on  the  table. 

Fixture  Scan.  If  the  fixture  is  complex  it  is  good  practice 
to  mount  St  without  the  teat  specimen  or  with  a  simulated 
last  specimen  on  the  vibrato?,  and  subject  it  to  a  scan 
through  the  frequency  to  be  used  during  the  tost.  Should 
any  resonances  be  observed  during  the  sewn,  the  fixture 
should  be  modified  prior  to  the  test.  It  such  modification  ia 
not  feasible,  analyst'  of  toe  specimen  test  data  should 
consider  fixture  resonance. 


18.7.1.1  LOCATION  OF  ACCELEROMETERS.  Location 
of  toe  accelerometer  controlling  the  vibratory  input  Is  very 
important,  florae  specifications  state  too  location  tor  tkia 
accelerometer,  but  other*  do  aot.  There  «u  be  a  significant 
difference  in  toe  input  to  the  specimen  depending  on  the 
specific  location  used.  For  example,  if  the  accelerometer  is 
mounted  on  the  vibrator  head  itself  the  Input  indicated  by 
the  MuderooMter  may  not  approximate  the  actual  Input  to 
the  teat  specimen  if  the  attachments  an  not  properly 
designed.  If  the  attachments  fit  loosely,  far  example,  a 
decoupling  will  occur,  and  in  this  case,  only  a  fraction  of 
tha  energy  being  supplied  by  toe  ahiwer  head  will  be 
transmitted  to  tha  part.  If  such  a  differs  net  does  exist,  it 
may  be  readily  measured  by  mounting  an  accelerometer  on 
the  shaker  head  and  another  accelerometer  on  toe  pert 
itself.  In  a  similar  manner,  the  amplification  factor  of  the 
fixture  at  any  point  may  be  determined  by  mounting 
another  accelerometer  et  any  desired  location. 

16.7.1.6  FUNCTIONAL  TEST  AND  COMBINED  EN¬ 
VIRONMENTS.  It  ia  often  dieemry  to  conduct  functional 
tests  on  equipment  while  vibrating,  ana  the  functional  tests 
often  Include  combined  environments.  ?■»?  example,  vibra¬ 
tion  may  be  combined  with  low  or  high  pro  'ire  and  low  or 
high  temperature.  If  fluid  flow  is  involved,  flex  linen  are 
required  for  input  and  output  of  the  fluid.  If  the  fluid 
media  or  any  othar  aspect  of  the  test  Is  hazardous,  it  is 
nsceaaary  to  conduct  the  test  at  a  site  with  adequate 
protection  for  equipment  and  personnel.  Such  testa  jre 
usually  mom  economically  conducted  by  commercial  labo¬ 
ratories  which  normally  have  such  facilities.  An  environ¬ 
ment  such  as  high  or  low  temperature  is  provided  by 
surrounding  the  specimen  with  a  special  environmental 
chamber,  ika  bottom  of  the  chamber  consists  of  a  flexible 
diaphragm  through  which  the  motion  of  the  shaker  may  be 
transmitted. 

15.7.2  Shock  Tort 

16.7.2.1  PURPOSE.  Mechanical  shock  teste  .in  conducted 
to  deter  nine  that  thr  specimen  will  perform  satisfactorily 
in  savvies  under  the  expected  shock  loads. 

15.7.2.2  EQUIPMENT  REQUIRED.  The  device  used  for 
conducting  shock  tests  will  depend  on  the  requirements  of 
the  particular  specification.  The  equipment  includes 
machines  having  platforms  upon  which  the  specimen  may 
be  mounted.  After  mounting,  the  test  specimen  is  allowed 
to  free  fall  to  a  sand  bed  or  to  lead  cones  which  may  be 
shaped  to  provide  toe  proper  use  time  for  the  shock  wave. 
Other  devices  impart  shock  by  means  of  a  hydraulic  or 
pneumatic  ram.  An  electromagnetic  vibrator  may  be  pro¬ 
grammed  to  apply  shock  to  a  r  pec  linen.  Often  the  same 
fixture  that  has  lieen  designed  for  the  vibration  tests  may 
be  used  for  shock  teats. 

15.7.2.S  PROCEDURE.  Specific  methods  for  conducting 
the  various  shock  tests  are  described  in  MIL-8TD-618. 
Additional  information  regarding  both  equipment  and 
instrumentation  may  be  found  in  the  following  USA 
Standards  Institute  bulletin*: 

1)  82,1-1961,  "Specification  for  the  Design,  Construction 
and  Operation  of  Variable  Duration,  Medium-Impact 
Shock-Testing  Machine  for  Lightweight  Equipment” 

2)  S 2. 2-1959,  “Methods  for  the  Calibration  of  Shock  and 
Vibration  Pick-Ups” 
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3)  62.3*1964,  “Specifications  for  a  High-Impact  Shock 
Machine  for  Electronic  De>icee" 

4)  6X4*1960  (R  1966),  ‘'Method  for  Specifying  the  Char¬ 
acteristics  of  Auxiliary  Equipment  for  Shock  and  Vibra¬ 
tion  Measurement”. 


16.7.3  Acceleration  Tatt 

16.7.3.1  PURPOSE.  Acceleration  tee  j  are  conducted  to 
determine  the  effects  of  acceleration  on  the  performance  of 
the  component.  The  test  may  be  accomplished  on  a 
centrifuge  which  imparts  a  constant  acceleration  to  the  test 
specimen,  or  it  may  be  accomplished  on  a  sled  which 
imparts  e  linear  acceleration  including  start  and  stop 
transients  Moat  acceleration  testing  is  performed  on  centri¬ 
fuges  since  the  acceleration  may  be  maintained  indefinitely 
and  these  facilities  are  readily  available.  Linear  acceleration 
facilities  are  very  few  in  number,  and  test  time  on  those 
that  do  axiat  is  not  generally  available;  therefore,  this 
discussion  is  limited  to  centrifugal  testing. 

15.7.3.2  JUSTIFICATION  FOR  TEST.  Acceleration  tests 
have  been  specified  for  many  teat  programs  in  the  past 
without  dua  consideration  to  the  value  ot  the  results 
obtained.  Acceleration  levels  specified  are  usually  low 
because  they  are  related  to  vehicle  acceleration.  Experience 
has  shown  first  actual  failure  because  of  constant  accelera¬ 
tion  is  ran.  It  ia  also  likely  that  a  unit  that  fails  in  the 
relatively  mild  environment  of  an  acceleration  test  fails  in 
the  same  manner  in  the  vibntion  test  In  addition,  the 
effect  of  the  accelention  on  many  components,  such  as 
regulators  or  solenoid  valves,  may  be  calculated  from  the 
known  mass  of  the  movable  parts.  Thus,  there  is  little 
Justification  for  specifying  the  teat  for  conventional  compo¬ 
nents  such  aa  moat  valves,  regulators,  pressure  switches,  and 
disconnects.  There  are  exceptions;  an  example  u  level 
control  valves  which  are  acceleration  sensitive.  It  should  not 
requf'ie  more  than  a  cursory  examination  of  the  design  and 
function  of  the  unit  to  determine  whether  an  acceleration 
test  b  justified.  In  the  caae  of  components  whe.e  the 
orientation  of  the  fluid  might  be  difficult  to  assess  or  the 
effect  of  the  orientation  might  be  difficult  to  determine, 
the  teat  is  justified  and  should  be  conducted. 

15.7.3  3  ACCELERATION  TESTING  FOK  INSPEC¬ 
TION.  In  special  casec  acceleration  may  be  used  a -  tn 
inspection  took  In  one  caae,  circular  magnets  for  use  in  e 
solenoid  valve  were  found  to  be  subject  to  cracking,  and  the 
incipient  flaw  was  difficult  or  impossible  to  detect,  A 
fixture  was  built  which  consisted  essentially  of  a  small 
high-speed  motor  to  which  the  magnets  were  attached.  The 
magnets  ware  then  100  percent  inspected  by  spinning  tnem 
to  a  preselected  speed.  The  cracked  magnets  disintegrated 
under  the  acceleration  loads. 

15.7.3.4  EQUIPMENT.  The  equipment  consists  of  a  flat 
doc  or  a  boom  mounted  on  a  motor  or  engine-driven  shaft 
that  can  be  :  otated  at  varying  speeds.  The  radius  of  firs  disc 
may  vary  from  a  few  feet  to  40  feet  or  more,  and  a  wide 
rang*,  of  rotational  speeds  is  mu  ,ily  provided.  Hydraulic 
drives  provide  the  most  versatile  and  vibration- free  drive 
units. 

Auxiliary  equipment  includes  power  rnd  instrumentation 
de.  tried  slip  ringe,  swivel  joints  that  permit  flow  of  gas 
from  a  stationary  source  to  the  specimen  and  back  to  a 
receiver,  and  TV  cameras  for  viewing  the  test  specimen. 
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Special  equipment  may  be  required  for  some  tests.  For 
ax-mplr,  r  large  teat  setup  which  offers  too  much  wt’id 
resistance  to  permit  attaining  the  required  spued  on  e  gb/an 
table  oould  be  equipped  with  a  streamlined  fairing  to 
reduce  fire  power  rsquhements  to  an  acceptable  ieveL 

Rapid  changes  in  accbierafion  by  varying  tha  table  spaed  ai-.- 
,-nt  possible  on  a  centrifuge  because  of  the  inertia  of  the 
system.  Hov’ever,  a  very  rapid  change  may  be  effected  by 
changing  the  position  of  the  specimen  on  fit#  table. 
Diagrams  of  twe  methods  are  shown  in  Figure  15.7.3.4.  In 
one  setup,  the  test  specimen  it  mounted  on  a  pivoted  arm 
which  can  be  rotated  through  an  arc  by  an  actuator 
(pneumatic,  hydraulic,  spring,  and  latch  arrangements). 
Initially,  the  test  specimen  may  be  positioned  near  the 
center  of  the  table,  and  when  fire  table  ia  brought  up  to 
■peed  the  arm  can  be  quickly  moved  to  reposition  the 
specimen  at  the  outer  rim  in  a  higher  acceleration  field.  If 
the  uih  of  the  arm  and  the  specimen  ia  significant  with 
respect  to  fi  at  of  the  table,  it  may  be  necesrary  to  consider 
the  effect  of  the  momentary  reduction  in  speed  aa  the 
moment  of  inertia  of  the  rotating  mass  is  changed.  A 
variation  of  the  procedure  involves  the  use  of  a  carriage 
mounted  on  rails  und  a  suitable  pulley  or  actuator  system 
for  moving  the  carriage  from  the  center  of  the  table  to  tne 
outwrrd  position  (see  Figure  15.7.3.4).  This  setup  is  more 
applicable  to  heavy  unit*  which  migh*  be  difficult  to 
control  on  a  pivot*  J  a  m.  In  either  setup,  an  analysis  should 
be  made  to  determine  if  the  rate  of  acceleration  change  will 
produce  a  Coriolis  effect  that  would  cause  additional  load* 
having  a  magnitude  and  direction  in  excess  of  the  allowable 
limits. 


Fleurs  15.7.3.4.  Dsvlcss  for  Creating  Rapid  Changes  «f 
Acceleration 
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I *.7. S  t  COMBINED  ENVIRONMENTS.  Tha  acceleration 
environment  may  be  combined  with  Hn>il  other  environ- 
m**Ca  in  a  tingle  test,  e.g.,  temperature,  altitude,  and 
vibritka,  As  elaborate  teat  of  this  kind  waa  conducted 
involving  an  Atlas  missile  gas  pressure  regulator,  which  was 
simultaneously  subjected  to  acceleration,  vibrat'or.,  and 
programmed  change  of  pressure  (altitude)  while  regulating 
pressure  in  a  tank  In  which  the  ullege  was  slso  changing  at  a 
programmed  rate.  The  helium  gas  temperature  was  varied 
from  cryogenic  levels  to  400°F  during  the  5-minute  run. 
The  vibration  waa  accomplished  by  mounting  a  modified 
MB  C-25  shaker  on  Jie  centrifuge. 

A  flexible  diaphragm  in  a  specially-constructed  environ¬ 
mental  chamber  provided  vibration  input  tc  the  teat 
specimen.  Flow  of  helium  gas  on  and  off  the  table  wu  done 
through  special  rotating  swivels.  The  example  is  given  to 
illustrate  poatibie  techuiquee,  but  It  should  not  be  inferred 
that  such  a  complex  test  is  necessarily  desirable.  The  test 
setup  is  costly,  and  when  a  rail u to  does  occur  it  may  be 
difficult  to  determine  which  environment  cauaed  the 
failure,  thus  complicating  th«  task  of  correcting  the  design. 
However,  there  have  been  .  <curaented  instances  when  a 
component  successfully  passed  vibration  and  acceleration 
testa  individually  and  failed  when  the  environments  were 
combined.  Such  component  failure  may  bt  suspected  where 
tile  side  loads  produced  by  acceleration  can  change  the 
wear  or  actuation  characteristics  of  the  unit  during  vibra¬ 
tion.  Switches  and  relays  are  particularly  susceptible  to 
malfunction  under  the  combined  environment,  as  small 
changes  in  the  friction  forces  can  produce  large  changes  in 
the.  operating  characteristics.  A  design  analysis  should 
indicate  the  degree  of  potential  failure.  Sub-Topic  13.3.3 
discusses  design  techniques  to  minimize  the  probability  of 
failure  duj  to  acceleration. 

15.7.3.6  TEST  PROCEDURE.  When  the  required  accel¬ 
eration  of  the  specimen  is  known,  the  combination  of 
radius  and  speed  required  may  be  determined  to  define  the 
position  of  the  specimen  on  the  table.  Angular  acceleration 
is  defined  by  the  equation 


a  =—  (Eq  1&7.3.6*) 

where 

a  -  acceleration,  ft/aec^ 
y  “  tangential  velocity,  ft /sec 
r  "  radius,  ft 

The  force  required  to  restrain  the  specimen  is 


where 

F  ■  force,  Ibf 
m  •  mass,  »hn 

U  *  local  acceleration  of  gravity  (32.2  ft/sec^) 


N  ■  rotating  spaed  of  table  rpm 

From  title  expression,  the  acceleration  nan  be  expressed  in 
terms  of  rpen  and  table  radius, 

-3  wa¬ 
ft  ~  900"  (Eq  15.7.X6e) 

If  the  radius  for  a  particular  test  is  fixed,  the  constants  may 
be  grouped,  a  *  KN*.  Nomographs  end  slide  rales  are 
available  from  equipment  manufacturers  to  facilitate  cal¬ 
culations  and  are  useful  when  numerous  teste  of  different 
specimens  are  to  be  conducted. 

15.7.3.7  PRECAUTIONS  IN  TESTING.  Acceleration  Is 
directly  proportional  to  the  radius,  and  a  specific  accel¬ 
eration  may  be  obtained  at  only  those  points  in  a 
cylindrical  plana  of  specific  radius  on  the  specimen.  Thus, 
there  will  be  a  radial  gradient  in  acceleration  across  the 
specimen,  and  if  the  dimensions  of  the  test  article  are  large 
in  relation  to  tha  radius  of  tha  table,  the  results  may  be 
unacceptable.  The  solution  is  to  use  a  larger  radius  or  to 
position  the  specimen  such  that  the  affected  portion  (o.g.,  a 
valve  poppet)  will  experience  the  desired  acceleration, 

15.7.3,6  TEST  TECHNIQUES.  By  the  use  of  electrical  alip 
rings  and  rotary  swivels,  functional  testa  may  be 
accomplished  on  a  rotating  table  in  much  the  same  manner 
as  they  are  on  the  bench 

When  flow  rates  arc  low,  as  In  tha  case  of  leakage 
measurement,  the  teat  may  be  more  conveniently 
conducted  without  swivels  by  including  a  suitable  pleasure 
source  in  the  test  setup  on  the  table.  A  remotely-operated 
adenoid  valve  may  be  used  to  admit  pressure  to  the  setup, 
and  leakage  can  be  collected  in  a  piastie  beg  or  it  may  be 
measured  by  tits  water  displacement  method  using  burets 
mounted  near  the  center  of  the  table. 

If  slip  nnp  are  used  on  the  centrifuge,  several  precautions 
must  be  observed.  Squib  firing  circuits  and  instrumentation 
circuits  should  be  widely  separated  to  prevent  possible 
interference.  If  an  oscillograph  is  to  be  operated  off  the 
tains,  it  ia  advisable  to  put  the  amplifier  on  the  table  and 
amplify  the  signal  before  it  gone  to  the  dip  rings.  If  the 
amplifier  is  mounted  off  the  table,  it  will  also  amplify  the 
slip  ring  noise,  which  may  make  the  data  unintelligible. 

15.7.4  Sand  and  Dust  Tast 

Sand  and  dust  taste  are  specified  for  equipment  likely  to  be 
operated  in  sandy  end  dusty  environments.  Military 
vehicles,  including  aircraft,  are  example*  of  such 
equipment,  and  components  that  are  vented  or  exposed  to 
the  atmosphere  and  intended  for  use  on  such  equipment 
should  be  subjected  to  the  sand  and  dust  teste  in  s 
qualification  tast  program.  If  the  unit  ia  hermetically  sealed, 
it  should  not  be  subjected  to  such  a  test  because  the  only 
effect  will  be  to  abrade  the  surface  finish.  Aerospace 
equipment  normally  should  not  be  subjected  to  this  testing 
because  of  the  well-defined  procedures  employed  for 
packaging,  handling,  and  installation,  unless  characteristics 
of  the  component  are  such  that  entry  of  external 
contamination  ir  highly  probable,  e.g.,  relic  x  valves  without 
dust  barriers  or  filters.  The  contamination  sensitivity  is 
established  by  this  test.  Effective  barriers  may  be  devired 
for  many  such  valves  during  the  design  and  may  be  in  the 
form  of  plastic  blow-out  plugs  or  elastic  bands  that  blow 
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off  when  the  valve  is  activated.  For  miaailee  an:'  etivr 
equipment  kept  in  controlled  or  »omi  controlled 
environment!  at  launch  sites,  it  ia  not  likely  that  the  teat 
would  provide  any  uaeful  results. 

Requirement!  foe  he  equipment  and  for  conducting  the 
teat!  am  deecribed  in  Method  510  of  I.3L  &TD-810.  The 
aand  and  duat  test  ia  relative!*  inexpensive.  A  commercial 
laboratory  will  charge  approximately  $125  for  a  normal 
specimen.  The  tiqie  required  to  conduct  the  teat,  which  ia 
uaually  nonoperating,  ia  approximately  12  houra  (exclusive 
of  setup  time).  The  coat  of  conducting  this  or  any  of  the 
following  environment!  teats  may  be  greatly  effected  by 
the  aiae  of  the  unit.  If  the  unit  fits  a  standard 
environmental  chamber  or  teat  facility,  the  testa  will  be 
relatively  inexpensive.  Obviously,  however,  if  a  special 
facility  haa  to  be  built  to  accommodate  the  unit,  the  coats 
will  rise  accordingly. 

16.7.5  Humidity  Ttst 

15.7.5.1  INTRODUCTION.  Humidity  teats  determine 
potential  failures  of  a  component  because  of  moisture  and 
absorption,  ademption,  or  penetration.  In  moat  cases  it  is  a 
necamary  environments  teat,  as  indicated  Dy  the  fact  .hat 
Use  failure  rate  ia  relatively  high.  Hermetically-sealed  unia 
of  corrosion-resistant  materia.'1  (c.g.,  an  all-welded  abaolute 
pressure  regulator  which  has  no  access  whatever  to  the 
ambient  atmosphere,  or  an  absolute  pressure  switch  of 
similar  construction)  do  not  require  humidity  taste. 

15.7.5.2  EFFECTS  OF  HUMIDITY  ON  THE  COMPO¬ 
NENT.  Results  of  component  exposure  to  humidity  are: 

1)  A  very  thin  film  of  water  forms  on  the  object 

2)  Vapor  penetrates  into  tho  object  by  various  mechanisms. 

3)  If  electromagnetic  energy  is  present,  there  it.  an 
absorption  of  energy  in  the  surrounding  vapor  which  will 
have  the  effect  of  loading  an  inductive  element 

4)  Rust  or  corrciion  may  result 

The  formation  of  watei  film  and  the  penetration  of  the  unit 
are  of  greater  significance  than  the  electromagnetic  effect. 
When  the  film  forma  on  the  surface  of  the  unit,  it  rapidly 
becomes  ionized  and  conducting,  thus  providing  a 
condu  cting  path  and  capacitance  effect  because  of  the  high 
dielectric  constant  The  practical  effect  is  *o  cause  a  change 
in  insulation  resistance,  surface  resistance,  inductance,  and 
capacitance.  The  surface  arcing  resistance  ia  lowered. 
Penetration  of  liquid  or  vapor  into  an  organic  material 
causes  dimensional  changes,  lowering  flexural  strength  and, 
in  some  cases,  improving  impact  strength,  which  may 
degrade  performance.  It  also  adversely  affects  the  electrical 
characteristics  of  the  material. 

A  film  of  pure  water  on  a  surface  is  significantly  corrcrive 
only  when  contaminated  with  impurities  such  as  salt  or 
acids.  As  th  levels  of  such  contaminants  vary  with 
location,  the  effects  of  humidity  on  tho  surfaces  will  also 
:  wry. 

15.7.5.3  MECHANISMS  OF  ENTRY.  Water  can  enter  the 
comporent  by  diffusion  through  a  material  which  forms  a 
part  of  the  equipment  and  by  entry  through  a  hole  in  the 
sealing  of  the  equipment,  Moisture  can  permeate  most 
organic  materials,  fines  th«  molecu'ar  spacing  is  larger  than 
the  diameter  of  the  water  molecule.  It  is  important  to  note 


that  a  component  that  is  apparently  hermetically  scaled 
may  not,  in  fact,  present  an  adequate  barrier  to  moistu’" 
and  the  adverse  affects  noted  above  should  be  anticipated. 
Temperature  or  ambient  pressure  cycling  during  exposure 
to  humidiiv  produces  breathing  which  remits  in  entry  of 
moisture  through  openings  not  otherwise  objectionable. 

15.7.5.4  EQUIPMENT  REQUIRED.  Humidity  chambers 
are  generally  available  in  size*  ranging  from  2  to  64  cubic 
feet  and  coating  from  $3000  to  $8000  depending  upon  the 
programming  equipment  included.  These  chambers  may  ba 
set  up  to  program  a  test  specimen  through  ;*  procedure  as 
specified  in  MIL- STD-8 10,  Method  507.  As  operation  of 
the  specimen  is  usually  not  required  during  tt  «•  vest,  little 
or  no  technical  attention  is  required  during  the  10  day  teat 
period.  A  commercial  laboratory  will  perform  such  a  test, 
for  approximately  $100,  including  a  report. 

15.7.6  Salt  Spray  Tart 

Th*  salt  spray  test  is  used  for  all  components  expoaad  to  a 
salt  atmosphere  such  as  is  normally  found  near  oceara.  The 
teats  identify  potential  corrosion  problems  resulting  from 
the  use  of  dissimilar  metals  or  of  noncorroaion-resistant 
materials.  The  teat  should  be  specified  if  a  problem  from 
corrosion  could  arise;  however,  if  the  material  of  a 
hermetically-sealed  unit  is  known  to  be  corrosion  resistant, 
the  test  probably  could  be  deleted  without  risk.  Entry  of 
salt  atmosphere  through  small  openings  n  «y  not  occur 
during  the  accelerated  teat  because  a  cake  of  salt  seals  the 
opening.  Normal  salt  atmosphere  would  not  obstruct  the 
openings  and  could  therefore  be  detrimental  to  internal 
ports. 

15.7.6.1  EQUIP  . ENT  REQUIRED.  Commercially 
available  chambers  am  built  to  withstand  corrosive  saK 
spray.  A  .-cubic  foot  chamber  will  coat  between  $500  and 
$1000  depending  upon  the  control  equipment  supplied. 
The  volume  of  testing  would  determine  whether  or  not 
such  s  purchase  should  be  made,  lhe  test  is  relatively 
inexpensive  in  commercial  laboratories,  ranging  from  $50 
to  $75. 

The  teat  is  conducted  in  accordance  with  Method  503  of 
MIL-STD-810.  The  elapsed  time  for  the  testing  is  48  hours. 
A i  the  conclusion  of  the  test,  the  parr  is  rinsed  in  tap  water, 
then  inspect  rd  and  tested  48  noun  after  the  rinse. 

15.7.7  Fungus  Test 

The  fungus  teat  determines  if  the  materials  of  the  com¬ 
ponent  will  support,  a  fungal  growth.  The  test  should  be 
performed  on  equipment  to  be  used  in  the  tropics  or  in 
damp  areas.  Is  ic  rarely  justified  on  normal  aerospace 
components  which  usually  consist  of  non-nutrient 
materials. 

15.7.7.1  EQUIPMENT  REQUIRED.  The  fungus  test  is 
usually  conducted  in  a  commercial  laboratory  using  the 
services  of  s  bacteriologist  to  p.epore  the  four  groups  of 
fungi  required.  The  duration  of  the  test  is  28  days,  which 
may  cause  a  schedule  problem  if  a  limited  number  of  test 
ramples  is  available  for  a  given  test  program.  The  test  is 
performed  per  Method  508  of  MIL-STD-810.  The  cost  for 
this  teat  is  approximately  $125. 

15.7.8  Sunshine  Tart 

Sunshine  tests  are  specified  for  nonmetailic  material,  such 
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as  nibfesr  and  plastic,  ./toich  will  deteriorate  altar  loini 
wpwinf  to  sunshine.  Many  cwrmon  plastics,  for  nanah 
(MM  hoaes,  toad  to  bacomt  stiff  and  brittle  altar 
exposure  to  sunshine,  and  this  affect  will  often  bt 
associated  with  loss  at  change  of  color.  Rubbtr  products 
also  tend  to  basome  hard  sad  brittle,  and  this  affect  is 
gguatly  accelerated  in  the  piwtnc n  of  air  with  a  High  ozone 
RMto  A  There  b  probably  no  justification  for  running  auc.i 
a  test  on  a  metal  nmpwanl. 

A  chamber  i1.cor7ror1.ring  arc  lamps  capable  of  supplying 
enemy  in  wavelengths  above  7800  angstrom  unite  fund 
additional  lamps  capable  of  supplying  energy  in 
wavelengths  bview  3800  angstrom  unite  is  specified  by 
Mtlr8TD>810,  Method  608.  The  duration  of  the  teat  is  IS 
hours. 

If  dupttca’fon  of  results  is  not  a  requirement,  information 
on  the  effecta  of  surshine  may  he  obtained  by  exposing  the 
specimen  to  the  sun  in  an  ana  where  the  sunshine  is  fairly 
constant  (e.g.,  desert  regions  of  Afiront,  N'vtda,  and 
California). 

1&7.9  RainTm 

A  rain  teat  b  conducted  to  determine  if  water  penetration 
will  .vault  firm  t  simulated  heavy  rainfall.  This  test  fe  rarely 
conducted  on  pnice.ft  day  equipment,  and  it  is  doubt  hi) 
that  a  rain  test  would  :p ose  discrepancies  not  dineoraml 
!  tSe  humidity  test.  Examination  of  the  detailed  design 
auould  indicate  whether  the  test  is  required. 

Method  808  ol  MUrSTD-810  describes  the  equipment 
needed  ~no  the  procedure  for  conducting  the  rein  test  The 
duration  of  the  test  is  2  hours,  and  the  normal  laboratory 
dwrga  is  approximately  8128.  If  rigorous  documentation  of 
the  test  is  not  required,  the  same  rewrite  may  be  obtained 
in-houae  by  directing  an  ample  spray  of  water  hum  an 
ordinary  shower  head  or  hose- typo  ncszle  on  die  test 
specimen. 

15.7.10  Explosion  Tar. 

An  expiation  test  is  conducted  to  determine  that  operation 
of  th*  unit  will  not  caur.  an  explosion  due  to  an  electrical 
arc  or  sparks  igniting  fumes  or  vapor  that  might  be  present. 
A  procedure  for  performing  the  test  is  given  in  Method  511 
ofMIL-STD-810, 

15.7.10.1  EQUIPMENT  REQUIRED.  Equipment  required 
for  the  explosion  test  consists  of  a  suitable  chamber  or 
tank,  s  vacuum  pump,  provisions  for  raising  'he 
temperature  of  the  tank,  and  provisions  for  injecting  a 
specified  explosive  atmosphere  into  the  chamber.  The 
chamber  is  usually  fitted  with  a  hatch  held  in  place  by 
atmospheric  pressure  since  the  pressure  in  the  chamber  is 
leas  than  atmospheric  during  the  test.  If  an  explosion  does 
occur,  the  hatch  blows  off  before  significant  pressure  cm 
build  up  inside  Jlhe  chamber.  Several  tests  at  different 
conditions  of  temperature,  pressure,  end  fuel-air  mixture 
may  be  required. 

15.7.10.2  TEST  PROCEDURE.  The  test  specimen  is 
installed  in  the  chamber,  and  the  test  conditions  are 
established  (proper  temperature,  vacuum,  and  fuel-air 
mixture).  The  specimen  is  then  operated.  If  no  explosion 
occurs  the  unit  is  deemed  non-hazard ous  :n  an  explosive 
atmosphere. 

This  test  should  be  conducted  by  a  commercial  laboratory 


because  it  requires  special  equipment  and  trained  personnel, 
and  its  conduct  within  city  limits  is  often  prohibited  b\ 
ordinances. 


16.7.11  T wnpgratura- AttHtuda  (Th«rm*)  Vacuum) 
Twt 

The  combined  environment  of  temperature  ana  altitude  in 
imposed  on  cotr^onente  which  may  be  adversely  affected 
by  the  combination  but  which  may  not  be  affected  by  the 
environments  imposed  individually.  The  test  is  partkulsuty 
applicable  fo  equipment  dependent  upon  convection 
coding  which  is  ineffective  at  altitude  because  of  the  lower 
density  of  the  sir.  The  test  is  also  applicable  to  any 
equipment  that  s.  »ht  tend  to  outeas  or  sublimate  and  have 
deleterious  effect  upon  other  equipment  in  a  apace  vehicle, 
such  m  fogging  of  optical  systems, 

15.7.11.1  TEST  f'HOCEDllRF.  Tvo  general  procedures 
are  described  in  MIL-BTD-810  for  conducting 
temperature  altitude  testa.  Method  504  is  intended 
primarily  for  electronic  equipment.  This  pi  vc.cdu re  requires 
approximately  36  hours  in  the  teat  chamber,  exclusive  of 
functional  cydas  required  between  dt«  various  vettings  of 
temperature  and  altitude.  Setaute  close  monitoring  Is 
required  and  because  numerous  function*’  trite  are 
conducted,  it  is  advisable  tc  conduct  this  test  in  house, 
provided  that  a  suitable  chamber  is  available. 

Method  T517  is  a  tentative  joethod  entitled  "Space 
Simulation,  ”  and  is  to  be  applicable  to  spec*  component*  i-> 
general.  It  specifier  very  tow  wnbisnt  pressure  (lO-7  tor-, 
and  solar  hestinr.  The  length  cl  the  test  is  s  function  of  the 
mission  time.  The  conditions  of  the  tent  ere  difficult  to 
meet  if  there  will  be  my  significant  csrtga^sing  from  the 
components  under  t-jsi. 

18.7.11.2  EQUIPMENT  REQUIRED.  The  equipment 
required  for  Method  504  is  s  conventional  altitude  chamber 
with  s  capability  of  programming  altitude  from  0  to 
100,000  feet  Equipment  for  maintaining  temperatures 
between  -62°  ind  +18E°C  is  also  <  squired.  As  the  test 
procedure  require  recording  the  temperature  and  the 
altitude  at  numerous  points,  a  strip-type  recording  instru¬ 
ment  should  be  included  as  part  of  tne  equipment. 

Method  T517  requires  much  more  elaborate  eq\  pment  to 
provide  the  low  vacuum  solar  radiation  ante  black-coated 
cryogenic  shrouds  capable  of  maintaining  liquid  nitrogen 
temperatures.  No  estimates  of  the  outride  cost  of  such  a 
test  etui  be  made  because  of  the  wide  variations  in  the 
duration  of  the  test  according  to  Method  T5X  7. 

15.7.12  lowPimuraTnt 

Tie  effects  of  low  pressure  can  be  lass  of  pressurization 
fluid,  rupture  or  distortion  of  pressurized  containers  caused 
by  s  change  in  differential  pressure,  darns,  e  caused  by 
reduced  heat  transfer  capability,  and  damage  resulting  from 
electrical  arcing. 

18.7,12.1  TEST  PROCEDURE.  Method  500  of 
MIL- STD-810  describes  two  low  pressure  procedures.  One 
is  for  ground  equipment  subjected  to  operation  at  a  high 
altitude  or  shippod  by  air,  and  the  other  is  for  equipment 
designed  to  be  used  on  aerospace  vehicles.  Ground  equip¬ 
ment  is  subjected  to  an  absolute  pressure  of  3.44  inches  of 
mercury,  equivslt-nt  to  50,000  feet  sbove  sea  level,  and  is 
maintamd  at  ths  pressure  for  1  hour.  The  pressure  is  then 
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increased  to  an  equivalent  of  10,000  fe«t  above  sea  level,  at 
which  pressure  the  test  item  is  operated.  In  thk  test  the 
temperature  is  uncontrolled.  In  the  second  procedure,  the 
pleasure  i  reduced  to  the  lowest  value  for  which  the 
equipment  is  designed  and  the  temperature  is  maintained 
at  -55°F.  These  conditions  are  maintained  for  1  hour,  after 
which,  tire  equipment  is  operated.  Then  with  the  equipment 
still  operating,  the  pressure  is  increased  to  the  prevailing 
rcom  ambient  level. 

15.7.12.2  EQUPMENT  REQUIRED.  For  small  compo¬ 
nents,  a  standard  bell  jar  arrangement  is  satisfactory.  For 
larger  components,  or  where  ■  low  temperature  is  also 
required,  a  conventional  altitude  chamber  is  used. 

A  commercial  laboratory  will  conduct  a  tect  to 
MIL- STD-810,  Method  600,  fo>-  about  $125. 

1b. 7. 13  high  Temperature  Test 

The  nurpose  of  thia  tect  is  to  determine  if  the  component 
will  bn  damaged  by  exposure  to  high  temperatures. 
Examples  of  possible  damage  are  permanent  set  of  packing 
and  caskets,  distortion  of  seals  and  valve  seats,  a  change  in 
fixe  or  actual  chemical  composition,  or  overheating  of 
electrical  coils  causing  ir  Milatlon  damage. 

Hie  teat  temperature  has  been  established  at  160°F.  This 
value  was  arrived  at  by  considering  12b°F  to  be  the 
maximum  ambient  temperature  normally  encountered.  To 
this  was  added  36°F  to  account  tc~  solar  radiation  and 
increases  in  temperature  beccuse  of  operation.  These 
criteria  were  beaed  on  aircraft  requirements  and  art  not 
necessarily  applicable  to  space  vehicles. 

15.7.13.1  EQUIPMENT  REQU1RFD.  Any  chamber  suit 
able  to  house  the  equipment  u;>d  provide  the  proper 
temperature  may  be  ua.d  for  this  test 

15.7.13.2  TEST  PROCEDURE.  The  component  is  placed 
in  a  chamber  in  which  the  temperature  is  raised  to  160°F 
and  maintnned  fo.  n  period  of  not  less  than  48  hours.  At 
the  end  of  this  period,  the  empere.ture  of  the  unit  is 
adjusted  to  the  maximum  operating  temperature.  When  the 
temperature  has  been  staoilized,  the  equipment  is  operated. 

15.7.14  Low  Temperature  Test 

The  purpose  of  the  low  temperature  test  is  to  determine  if 
the  component  will  be  damaged  us  a  result  of  storage  and 
operation  at  iow  temperature.  Difiicuiticj  to  be  expected 
are  differential  contractions  or  metal  parts  or  loss  of 
resiliency  in  packing,  gaskets,  and  seat  material.  The  lowest 
tes*  temperature  specified  ir.  MU,  STD-502  for  this  test  is 
-80°F.  This  low  temperature  is  specified  for  s  to  rag  i  and 
transport  only  for  equipme.it  to  be  operated  in  the  United 
States.  In  temperature-controlled  are  an,  the  specified 
temperature  is  +35°F. 

15.7.14.1  EQUIPMENT  REQUIRED.  Any  standard 
chamber  capable  of  maintaining  the  minimum  temperature 
required  may  be  used  for  this  work. 

15.7.14.2  PROCEDURES.  The  equipment  is  installed  in  a 
chamber  and  maintained  at  SO0*1  for  48  hour*.  At  the 
conclusion  of  this  exposure,  the  item  may  be  removed  and 
inspected  for  damage,  then  reinstalled  in  the  chamber  and 
stabilized  at  its  design  operating  temperature.  A  functional 


test  is  conducted  at  design-operating  temperature  to  deter¬ 
mine  what  eff^.-U,  if  any,  haw  been  caused  by  the  low 
tempera',  .tra. 

15.7.15  Temperature  Shock  Tett 

The  purpose  of  ti.e  temperature  shock  test  is  to  determine 
the  effect,  of  suddc  changes  in  temperature  on  ground  or 
aerospace  equipment.  The  chief  effects  to  be  expected  are 
cracking  or  rupturing  of  materials  due  to  sudden  expansion 
or  contraction  (thermal  stresses  are  discussed  in  Section 
14.0,  Stress  Analysis). 

15.7.16.1  EQUIPMENT  REQUIRED.  Two  chambers  are 
required,  each  capable  of  maintaining  a  specified  tempera¬ 
ture.  In  additio' ,  material  handling  equipment  such  as  a 
forklift  or  crane  may  be  required  for  heavy  equipment. 

15.7.11$  TEST  PROCEDURES.  Vest  items  are  placed  in  a 
tost  chamber  and  maintained  at  185°F  for  4  hour*,  then 
transferred  (within  a  minimal  time  such  a*  5  minutes)  to  a 
-40°F  chamber.  Hie  equipment  is  maintained  at  thia 
temperat1'*  for  4  hour*  and  is  then  returned  to  the  high 
tempera!  ire  chamber  within  5  minutes.  Three  such  cyclic 
are  conducted.  At  the  end  of  the  third  cycle  a  functional 
test  is  conducted  at  room  ambient  conditions. 

15.7.16  Shipping  Shock  Test 

Shipping  shock  tests  »-a  designed  to  ensure  that  the 
product  will  arrive  at  its  destination  in  an  undamaged 
condition.  Imposing  the  requirement  causes  the  manu¬ 
facturer  to  design  the  shipping  container  in  such  a  manner 
that  the  component  is  not  likely  to  fail  the  shipping  shock 
test  If  the  type  of  shipping  container  and  packaging  are 
known  in  advance,  it  is  sometimes  powible  to  delete  the 
requirements  for  a  shipping  shock  teat  because  tne  results 
may  be  safely  predict  d.  For  example,  if  a  small  component 
(such  as  a  valve  weighing  1  pound)  is  properly  packaged  in  a 
1  gallon  metal  container  and  surrounded  by  resilient 
parking  material,  the  valve  is  certain  to  be  undamaged  in 
art'  reasonable  shipping  shock  tent. 

If  time  permits,  realistic  data  may  be  acquired  on  the 
ability  of  a  component  nyutem  anu  package  to  survive 
shipping  shock  by  simply  routing  a  tent  sample  via  common 
carriei  to  one  or  more  destinations  and  return.  The 
condition  cf  the  package  and  component  will  provide  r 
typical  picture  of  what  may  be  expected  during  the  actual 
shipment.  If  *Jes?irei3,  the  specimen  msy  he  instrumented 
with  a  recording  davice  that  will  preserve  a  history  of  the 
shock  encounte  *e<'  during  the  shipment 

JPL  Technical  Report  No.  32-876,  dated  15  March  1966, 
entitled  "The  Dynamic  Environment  of  Spacecraft  Surface 
Transportation”  (Reference  12-23),  describes  a  test  pro¬ 
gram  involving  the  shipment  of  Ranger  spacecraft  from 
California  to  Cape  Kennedy.  The  vehicle  was  instrumented 
to  record  shock  an  *  vibration  data.  The  article  provides 
useful  information  on  instr  (mentation  techniques  for  this 
type  of  test.  If  a  standard  test  is  to  be  conducted,  e.g.,  to 
MIL  STD-516  Procedure  I,  the  cost  will  be  approximately 
$175. 

15.7.17  Combined  Environments  Test 

The  ultimate  judge  of  the  adequacy  oi  any  component  or 
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system  b  the  nfcklt  hi  which  the  components  and  systems 
an  to  ba  taad  That  la,  only  In  an  actual  flight  an  all  of  the 
environment*  and  operating  condition*  praaant  in  precisely 
the  comet  levels  and  proportion*.  A  goal  In  taating  la  to 
rpproximute  thaac  conditions  aa  precisely  aa  possible  in  the 
taat  program.  Hr  want,  U  la  a  monaiaty  and  physical 
Impcaatbfilty  to  compWteiy  dupUcata  til  of  tha  condition*; 
therefore,  mcmu’7  compromises  ahould  ha  mad*  to 
consider  then*  condition*  that  an  beUvred  to  ba  moat 
Ukaly  to  ptodacc  advene  raaulta  on  tha  system  or  compo- 
.tank 

Considerations  of  interaction  between  various  paramatarc 
an  given  below.  Tin  diaruaaion  ia  not  rb-ntetushr*  baeturc 
tha  numbat  of  combination*  poaaiMa  ia  almoat  fn  Anita.  Tlu 
intent  ia  non.  to  ttinuli)*  thought  that  will  nault  in 
specifying  the  nacawary  combination*  in  tha  taat 
procedure. 

Considering  tha  parameter  of  praam  re,  including  both  r.ny 
high  and  vary  low  praaaun,  tha  following  observe*.-  na  may 
ba  made:  In  conducting  tha  proof  or  bunt  taat  on  a  voaaa), 
both  tha  fluid  uaad  In  service  rod  its  temparatur*  ahould  ba 
considered  in  tha  taat.  If  tha  fluid  ia  corrosive  in  nature,  it 
may  attack  the  materia)  of  tha  vessel  in  tha  streaked 
condition  (at  proof  or  bunt  levels),  whence  there  may  be 
no  at  tuck  in  tha  unatrsaaed  condition.  This  fact,  therefore, 
should  influence  the  conduct  of  either  a  compatifcU'ty  teat 
or  a  t trass  level  test  such  aa  proof  or  bunt  praasui*. 
Similarly,  temperature  must  ba  considered.  A  low  tempera¬ 
ture  may  bn  either  beneficial  or  detrimental  to  th& 
properties  of  a  particular  material.  Elevated  temperature* 
usually  degrade  the  properties  of  a  material.  Therefore,  if  a 
component  ia  to  ba  uaad  at  either  extrema  of  temperature, 
there  extra  men  should  be  employed  during  any  test 
involving  presoure.  At  very  low  pressures,  electrical  dis¬ 
charge  may  occur  and  heat  transfer  by  means  of  conduction 
may  disappear  entirely..  Both  of  these  phenomena  could 
affect  the  results  of  a  test  conducted  on  a  solenoid  coil. 


It  is  common  practice  to  combine  vibration  te-rta  with 
various  environmental  conditions  such  as  temperature  and 
altitude,  and  it  la  usually  required  that  the  pert  be 
functioning  during  these  teats.  The  reason  for  the  require¬ 
ment  is  that  a  component  may  successfully  paw  a  severe 
vibration  teat  in  a  nonfunctioning  mode  and  fail  the 
vibration  teat  at  significantly  lower  levels  of  input  while 
operating  An  example  might  be  a  solenoid  valie  or 
regulator  in  which  the  poppet  is  held  firmly  against  the  seat 
in  the  doted  position.  When  the  valve  is  open  the  poppet 
may  be  supported  in  a  lew  rigid  manner  with  the  result  that 
the  vibration  may  damage  the  seat  due  to  a  transverse 
motion  which  cauaea  a  scuffing  action. 

The  purpuae  of  the  test,  and  the  time  and  money  available 
for  the  test,  rill  dictate  the  extent  to  which  the  environ¬ 
ment!  are  combined.  In  development  testing,  for  instance , 
combined  environments  are  not  generally  used  because  vf 
the  difficulty  in  determining  which  environment  caused  a 
particular  failure.  On  tne  other  hand,  in  qualification 
testing  it  ia  desirable  to  combine  as  many  environments  as 
possible  within  the  limit*  of  time  and  money.  Beyond  a 
point,  however,  the  complexity  of  the  test  becomes  so  great 
that  diminishing  returns  are  received  for  the  efforts 
ox  pen  led.  Cost  analysis  and  good  judgment  must  be 
employed  in  devising  the  teat  procedure  involving  combined 
environments. 


16  8  SPECIFIC  COMPONENT  TESTS 

Some  component*  have  inherent  characteristic*  that  require 
special  mention  with  respect  to  the  test  techniques  to  be 
used. 

16.8.1  Solenoid  VatvM 

Tji#  usual  lasts  conducted  on  solenoid  valves,  such  as 
leakage,  power,  and  response,  are  described  elsewhere  under 
the  appropriate  headings.  However,  two  precautions  ahould 
be  mentioned  in  tee  ting  solenoid  valves.  In  conducting 
cycling  testa,  it  ia  important  to  uaa  a  cycling  rate  consistent 
with  the  design  duty  eye.*  of  the  valve  if  the  duty  cycle  ia 
rated  a*  being  other  than  continuous.  For  a  valve  designed 
for  intermittent  operation,  the  cycling  rate  should  be  such 
that  overheating  of  the  coil  will  not  become  a  problem. 
Similarly,  testing  performed  in  a  temperature-altitude  con¬ 
dition  should  take  into  account  the  fact  that  heat  transfer 
in  a  vacuum  ia  different  from  .test  transfer  in  air.  and  if  the 
dec  ign  has  not  provided  for  adequate  heat  transfer  by  other 
means  such  as  conduction,  overheating  and  burnout  is  n 
possibility  and  should  be  anticipated.  If  the  design  of  a 
valve  includes  the  flowing  medium  as  part  of  the  heat 
transfer  mechanism,  the  some  medium  should  be  used  in 
the  tost  to  avoid  the  possibility  of  overheating  and  burnout. 
Heat  transfer  is  treated  in  Section  2.0  of  this  handbook, 
and  solenoids  are  discussed  in  Detailed  Topic  6.9.?,.  7. 

16.8.2  Explosive  Vatvas 

Because  of  the  nature  of  explosive  valve*  (Sub-Section  5.8 
of  this  handbook)  very  little  tasting  can  be  accomplished 
prior  to  use  beyond  the  conventional  circuit  continuity 
tests  conducted  on  tha  squib  itself.  For  a  noiraaily-cloeed 
valve,  a  conventional  leakage  measurement  may  be  mad*  in 
the  usual  manner.  For  a  normally-open  valve,  verification  of 
the  praeeura  drop  could  be  mad*  if  deemed  necessary. 
However,  It  is  not  likely  that  the  pressure  drep  would  vary 
significantly  from  valve  to  valve  of  thia  type.  Therefore, 
once  determined,  it  ahould  not  be  necessary  to  repeat  this 
test  on  a  routine  basis.  After  a  normally-open  vatv*  is  fired, 
a  leakage  test  may  be  conducted;  conversely,  after  a 
normally-closed  valve  ia  fired,  a  pressure  drop  test  may  be 
conducted,  if  required.  As  some  ordnance  velvet,  generate 
considerable  particles  during  operation,  a  particle  count 
taken  on  the  downstream  portion  of  the  valve  may  be 
warranted.  An  examination  of  the  locking  mechanism  used 
to  hold  the  vi'.ve  open  or  cloaed  after  actuation  may  be 
advisable  depending  on  the  design  of  the  particular  valve. 
The  squib  (explosive  actuator)  is  usually  evaluated  on  the 
basis  of  all-fire  and  no-fire  testa  conducted  on  samples  from 
each  batch  or  lot. 

16.8.3  Relief  Valves 

The  operational  testing  of  relief  valves  may  be  done  in 
accordance  with  Sub-Topics  15.5.6  and  15.5.6.  Sub-Section 
5.5  describee  the  characteristics  of  relief  valves,  and  the 
pecularities  in  testing  unique  to  these  valves  are  discussed 
below. 

The  upstream  plumbing  and,  in  particular,  the  ullage  should 
closely  simulate  the  conditions  the  valve  will  experience  in 
Ret  vice.  If  the  flow  rate  is  relatively  high,  the  time  available 
tor  an  actual  run  wi>l  be  short  due  to  limitations  of  tankage. 
Close  coordination  of  all  test  functions  is  necessary  to 
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obtain  aa  much  data  aa  possible  in  th*  time  avallaDlr  Care 
must  ba  given  in  the  last  actup  to  allow  for  poaaible 
mechanical  reaction  in  the  plumbing  or  fixturaa  >«  a  result 
of  valve  discharge  force*.  With  high  flow  valvea  thia  reaction 
can  b*  large,  and  if  the  valve  ia  not  properly  secured, 
damage  to  the  equipment  or  injury  to  personnel  can  result. 
it  m  live  under  test  discharges  into  a  duct  or  pipe,  it  may 
t  tibia  to  affix  a  tee  to  the  end  of  the  pipe  to 

neutralise  any  reaction.  Similarly,  the  noise  and  air  blast 
from  such  a  valva  can  reach  dangerous  proportions,  and 
proper  protection  for  pe.-sosinel  should  be  p<  ovided.  If  the 
valve  la  to  ba  teated  in  an  environmental  chamber  or  any 
other  form  of  enclosure,  provision  m  ist  be  made  for  proper 
ranting  of  the  £aa  vented  during  valve  operation.  The  porta 
that  are  often  provided  in  environmental  chambers  may  tie 
inadequate  to  relieve  a  sudden  overpressurization ;  a  very 
small  rite  in  Internal  pressure  in  such  a  chamber  may 
product  destructive  forces  because  of  the  large  areas 
involved.  It  may  be  desirable  to  employ  a  blowout  wall 
construction  for  tasting  any  valve  that  could  operate  during 
the  course  of  r  test.  These  precautions  are  especially 
important  in  the  case  of  a  bunt  disc,  which  is  a  special  form 
of  relief  valve,  because  of  the  suddenness  with  which  this 
valve  o,  erates.  It  operetta  with  no  warning  and  does  not 
raaeat  at  the  pressure  drops  but  continues  to  flow  until  the 
tank  or  source  is  either  empty  or  shut  off. 

16.8.4  Pressure  Switches 

Pressure  switches  (described  in  Sub-Section  S.16)  are 
unique  in  many  ways  with  reaped,  to  testing,  and  unless  the 
problems  peculiar  to  switches  are  understood,  completely 
erroneous  results  will  be  obtained 

In  testing  n.  pressure  switch  for  actuation  point,  the  rate  of 
pressure  application  should  be  specified.  In  many  designs, 
the  orifice  which  admits  the  pressure  to  the  sensing  element 
is  extremely  small,  and  if  gas  pressure  is  applied  too  rapidly, 
the  sensing  capsule  or  element  will  not  have  time  to  fill. 
Therefoo,  when  an  actuation  indication  is  eventually 
obaervad,  the  indicated  reading  will  be  too  high.  In  switches 
which  have  large  amounts  of  friction,  a  similar  error  may  be 
encountered  from  *  rapid  application  of  pressure.  Failure  of 
a  preaaure  switch  to  function  correctly  at  the  specified  rate 
of  pressure  rise  whan  the  twitch  actuctes  at  the  design 
pressure  when  pressure  is  raised  slowly  may  indicate  that 
the  problem  is  cither  a  small  orifice  or  high  friction 

If  the  switch  is  an  absolute  pressure  switch,  the  test  gauge 
scale  reading  should  be  offset  to  account  Cor  the  local 
ambient  barometric  pressure.  Failure  to  take  this  into 
account  will  result  in  an  error  of  approximately  16  psi  at 
sea  level. 

Most  svitches  make  some  audible  sound  upon  actuation, 
and  thia  sound  is  sometimes  taken  as  an  indication  that  the 
switch  has  operated.  The  switch  may  have  operated,  but 
thei  may  be  a  circuit  defect  which  would  not  be  detected 
by  sound;  therefore,  lights  or  a  meter  should  always  be  used 
to  ensure  that  no  circuit  problem  exists. 

Many  switch  designs  have  an  inherent  problem  known  in 
the  switch  industry  as  first  cycle  stick.  This  refers  to  the 
fact  '‘hat  the  first  operation  of  the  switch,  especially  niter  it 
haa  undergone  an  extreme  temperature  change,  wii!  be 
different  from  subsequent  o;  s rations.  This  is  caused  by  the 
moveable  elements  within  the  switch  repositioning  them¬ 
selves  after  an  extreme  temperature  change  or  after  being 
brought  from  a  pressure  that  was  initially  zero.  If  a  switch 


Is  likely  to  have  this  peculiarity,  the  tent  specification 
should  state  that  any  data  taken  in  the  first  cycla  of 
operation  may  ba  different,  to  diffarentiate  it  from 
subsequent  data.  The  switching  pressures  'or  cartain  designs 
of  units  may  shift  if,  for  example,  the  preature  is  not 
continuously  increasing  but  has  a  slight  decrease  before 
finally  reselling  the  actuation  point. 

Another  peculiarity  of  some  pressure  switches  Is  a  phenom¬ 
enon  known  as  dead-breaking.  Thia  term  describes  a 
condition  in  which  the  contacts  of  e.  switch  mova  to  an 
intermediate  position  which  ia  neither  on  nor  off.  Whan 
observing  the  actuation  of  the  twitch,  especially  at  extreme 
temperature,  the  indicating  lights  should  be  carefully 
observed  to  ensure  '.hat  the  time  delay  is  within  specified 
requirements. 

When  life  cycling  a  preaaure  switch,  the  unit  should  ba 
cycled  within  the  normal  operating  range,  rather  than  from 
zero  to  the  operating  range  and  then  back  to  zero.  The 
reason  for  this  is  that  the  actuation  pressures  of  some 
switches  will  be  different  when  they  are  cycled  to  aero  and 
than  back  to  the  operating  point,  and  this  does  not  usually 
simulate  the  application  condition. 

An  automatic  life  cycling  test  setup  is  shown  in  Figure 
16.8.4.  The  system  consists  of  a  regulator,  solenoid  valve, 
two  manual  bleed  valves,  a  gauge,  and  the  teat  specimen. 
The  regulator  is  used  to  control  the  maximum  pressure  to  a 
safe  limit,  and  the  two  manual  valvea  may  be  simultane¬ 
ously  adjusted  to  control  pressure  rate  of  change  to  achieve 
any  desired  cycling  rata.  The  solenoid-operated  counter 
automatically  records  each  cycle  of  operation.  If  desired, 
the  -treasure  gauge  may  be  replaced  wi«.h  a  pressure 
transducer  with  the  output  ted  to  a  strip  chart  recorder. 

Chatter,  especially  under  vibration  conditions,  is  particu¬ 
larly  important  with  preaaure  switches.  Chatter  monitor 
teats  are  discussed  in  Sub-Topic  16.6.8. 


Figure  15.8.4.  Pressure  Switch  Cycling  Setup 
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1&S.6  Filters 

rUtm  (Sub-Section  5,10)  are  very  commonly  used  in  fluid 
systems  but  require  test  procedure*  unlike  thoee  employed 
for  other  component*.  Some  of  the  teeta  may  be  readily 
conducted  in  eny  conventional  laboratory  by  penonnel 
possessing  ordinary  akilla  in  the  teating  field.  Other  teeta  not 
only  demand  apecial  equipment,  dean  room  facllitiea,  and 
tight  fluid  cleanlineea  levels,  but  also  require  experiei  ced 
and  skilled  technicians  to  obtain  auitabl*  results.  f.n  general, 
a  normal  acceptance  test  for  a  filter  could  be  completely 
performed  by  most  organisations  with  clean  room  facilities. 
However,  auch  teats  as  the  initial  cleanliness  tut  or 
retentive  qualification  tests  will  require  apecial  equipment 
and  technique*  a*  well  as  experienced  and  akil'ed  tech¬ 
nicians  to  execute  them  properly. 

In  addition  to  the  conventional  tests  run  on  any  prewure 
vessel,  such  as  leakage,  proof  pressure,  etc.,  there  ure  three 
unique  tests  which  may  be  conducted  on  filters  or  filter 
elements.  Those  teats  are : 

1)  Initial  Cleanliness.  Although  this  test  is  also  conducted 
on  moat  other  aerospace  components  aa  a  routine 
matter,  the  conduct  of  the  initial  cleanliness  test  on  a 
filter  requires  apecial  equipment  and  techniques  and  ia 
therefore  regarded  sa  being  unique  with  respect  to 
Alters. 

2)  Filtration  Rating.  Thia  test  determines  the  pore  siac 
distribution  (maximum  and  average)  of  the  filter 
medium  and  is  therefore  an  indication  cf  the  size  of 
particles  that  will  pass  through  the  filter  under  carefully 
controlled  condition*. 

3)  Contaminant  Capacity.  This  teat  is  a  measure  of  the 
useful  service  life  of  w  filter.  It  provides  an  indication  of 
the  amount  and  effectiveness  of  the  filter  medium 
furnished  by  the  manufacturer  and  determines  whether 
the  filter  envelope  is  properly  sized  for  the  intended 
mission  duty  cycle  by  demonstrating  that  the  initial 
clean  pressure  drop  at  room  flow  does  not  increase  to  an 
unacceptable  value  as  a  tesuli  of  adding  a  specified 
amount  of  r  standardised  contaminant  jpg’ ream  of  the 
filter 

The  individual  tests  are  illustrated  in  Figure  15.8.5  and  are 
discussed  in  gi  eater  detail  under  the  headings  below. 

15.8.5,  i  ACCEPTANCE  TESTING  The  various  types  of 
teats  that  should  be  conducted  on  each  filter  furnished 
under  contract  art  listed  below.  All  of  these  tests  should  be 
conducted  under  environmentally  controlled  conditions 
since  any  contamination  introduced  into  the  downstream 
side  of  the  filler  element  would  eventually  end  up  in  the 
system  fluid  and  any  contamination  introduced  into  the 
upstream  aide  would  reduce  its  useful  service  life. 

Examination  of  Product.  Each  filler  should  be  examined 
for  dimensional  compliance  with  the  drawing  requirements 
in  order  to  assure  ease  of  assembly  into  the  component  or 
fluid  system.  In  cases  where  weight  is  critical,  each  unit 
should  be  weighed  individual^  and  the  measured  value 
recorded.  The  downstream  side  of  each  filter  element  and 
housing  should  be  examined  under  30  to  40  power 
stereoscopic  magnification  to  make  certain  that  no  loose 
burrs,  wires,  or  other  particles  are  present.  In  addition  the 
amount  of  surface  area  should  be  verified  since  the 
contaminant  capacity  cannot  be  verified  without  conduct¬ 
ing  a  destructive  type  t?st 


Initial  Cleanliness.  Th*  initial  clsanlinsss  of  a  Altar  i* 
determined  by  repetitive  cycles  of  first  subjecting  the  Alter 
to  an  ultraaonlc  vibration  field  and  then  flowing  a  predeter¬ 
mined  volume  of  fluid  (usually  100  or  500  ml)  through  the 
flltar  until  the  total  specified  sample  amount  (usually  600 
or  2,500  ml)  has  passed  through  the  filter.  The  effluent  ia 
passed  through  a  downstream  membrane-type  filter  and 
examined  under  a  microscope.  Specific  details  for  conduct¬ 
ing  this  tes*  are  contained  in  ARP  599  Particle  counting 
techniques  and  methods  are  described  in  ARP  698.  It 
should  he  noted  here  that  any  filter  cleanliness  evaluation 
teat  method  which  does  net  employ  ultraaonlc  energy  (such 
as  the  flow  through  or  vibra  flush  methods)  do  not  provide 
sufficiently  high  energy  levels  to  release  built-in  contami¬ 
nants.  As  a  consequence  these  testa  are  practically  meaning- 
las*  except  where  gross  contamination  ia  present.  A  full 
definition  of  the  teet  parameters  should  include  th* 
following: 

a)  Whether  the  test  is  to  be  ccnducted  from  the  outside  to 
the  inside  of  the  filter  element,  in  the  reverse  direction, 
or  in  both  directions.  This  is  a  function  of  the  flow 
direction  and  system  application  of  th*  filter. 

b)  The  total  volume  of  the  sampling  fluid  on  which  the 
count  is  to  be  based  and  the  incremental  volumes 
withdrawn. 

c)  Whether  the  procedure  of  ARP  699  or  some  modified 
method  should  be  used. 

d)  The  allowable  number  of  particles  in  each  of  at  least  3 
samples  (see  MIL- STD- 1246 A  for  classes). 

This  test  should  always  be  ccnducted  aa  the  final  accep¬ 
tance  teat  since  it  is  a  cleanliness  verification  test.  For  this 
reason,  ths  filter  must  be  dry  at  the  start  of  the  test  and  the 
first  fluid  passing  through  it  must  be  part  of  the  total 
sample  aa  specified  in  ARP  599. 

Initial  Bubble  Point  Test  Absolute  Rating).  This  test  is 
fully  defined  in  ARP  901.  Et  measure*  the  air  pressure  at 
which  the  first  bubble  emits  from  the  wetted  filter  medium, 
which  is  an  indication  of  the  diameter  of  the  largest  sphere 
that  can  be  inscribed  in  the  pore  structure.  The  test  can  be 
conducted  in  any  number  of  fluids  if  the  fluid  is  capable  of 
wetting  the  filter  medium  end  if  the  surface  tension, 
temperature,  and  depth  of  immersion  are  me.  sured  and 
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15.8.5). 

Boiling  Pressure  Test  (Average  Pore  Size).  Th.  boiling 
pressure  test  is  similar  to  and  an  extension  of  tt  e  initial 
bubble  point  test  described  above  for  determi  ing  the 
maximum  pore  size  of  a  filter.  Air  ia  injected  under  a 
specimen  submerged  in  a  liquid  of  known  surface  tension, 
usually  alcohol.  Air  pressure  is  increased  slowly  until  air 
bubbles  boil  at  the  surface.  A  graph  of  nir  flow  rate  versus 
pressure  will  show  that  pressure  increases  with  increase*  in 
flow  rate  up  to  a  saturation  region  where  no  appreciable 
increase  in  pressure  is  required  for  an  increase  in  flow  rate. 
At  the  saturation  pressure,  air  is  pasting  through  a 
representative  number  of  pores  (Reference  6-211).  The 
average  pore  diameter  is  obtained  from  an  equation  similar 
to  the  one  used  for  the  initial  bubble  point  test  described  in 
ARP  901  (see  Figure  15.8.5  and  Reference  37-1 2). 

Clean  Pressure  Drop.  This  test  is  important  particularly  in 
the  case  of  liquid  rocket  propellant  feed  systems  where 
excessive  pressure  differentials  caused  by  the  filter  can  have 
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a  Mfiou«  impact  on  fuel/oxidizer  mixture  ratio,  specific 
impulse,  etc.  In  such  critical  cases  it  is  suggi-tted  that  each 
filter  delivered  under  contract  u,  tested  for  pressure  urop  at 
maximum  rated  flow.  The  test  methods  are  fully  described 
ir  AHP  24 H. 

Confjminon/  Capacity.  There  is  no  nondestructive  test 
methe-i  available  to  verify  the  contaminant  capacity  or 
useful  service  life  of  a  filter.  This  cnaracteristic  can  only  be 
d  ‘.erniiried  by  verifying  that  the  surface  area  provided  in 
the  filter  is  equal  to  that  of  the  filter  used  for  qualification 
testing.  Control  should  be  exercised  on  the  basis  of  a 
configuration  management  plan. 

15A5.2  QUALIFICATION  TESTING,  Qualification  test¬ 
ing  includes  all  of  the  tests  described  under  acceptance 
testing  and  also  requires  the  tests  described  below.  Environ¬ 
mental  tests  such  as  shock,  v;bra:ion,  acceleration,  and 
others  described  ir;  Sub-Section  15.7  are  not  discussed  here 
as  they  are  not  basically  different  from  such  testa  that 
would  be  run  on  any  other  component. 

Filtration  Performance 

a)  Ab  olute  miration  Rating.  This  characteristic  is  usually 
expressed  in  terms  of  the  absolute  micron  rating  which  is 
defined  as  the  largest  hard  spherical  particle  that  can 
pass  through  the  filter  under  blow-down  conditions.  This 
test  determines  the  maximum  pore  opening  in  a  filter 
mpdium  (sec  Figure  15.8.5).  The  tests  are  based  on  the 
filtration  ot  an  artific.ul  contaminant  under  specified 
test  conditions.  Spherical  glass  beads  are  used  to  provide 
positive  identification  and  obtain  consistent  results.  The 
effluent  fluid  containing  the  artiiici».l  contaminants 
which  have  passed  through  the  test  filter  is  collected. 
This  fluid  is  filtered  through  a  membrane  filter,  and  the 
particles  retained  on  the  membrane  surface  are  scanned 
microscopically  and  examined.  The  largest  particle  is 
measured,  and  this  defines  the  absolute  rating  of  the 
filter  in  microns.  This  microscopic  measurement  is 
two-dimensional,  but  since  the  particles  are  essentially 
spherical  onh'  on.  dimension  is  considered.  The  Ust 
procedure  must  define  'he  glass  bead  mixture  to  be 
employed,  th.  quantity  of  glass  beads  to  be  added,  and 
lh<-  flow  rate  (luring  the  blow-down  test  (see  Table 
15.8.5.2  for  recommended  glass  bead  mixtures). The  test 
results  are  oppressed  in  microns  and  can  he  correlated  to 
the  initial  buoble  point  test  described  under  Acceptance 
Testing  (Detailed  Topic  15.8,5.1). 

Average  Fihra'  »  Rating 

a)  Gravimetric  Efficiency.  In  order  to  provide  a  measure  of 
the  filter's  ability  to  remove  particles  in  sizes  smaller 
than  the  absolute  ruling,  a  number  of  tests  are  employed 
which  determine  its  efficiency  in  percent  bv  the  weight 
of  removing  predetermined  amount  of  glass  beads 
introduced  under  blow-down  conditions  similar  to  those 
described  for  the  absolute  rating  tests  (see  Fig- 
io  15.8  5).  Tlie  test  procedure  must  again  dtl'ine  the 
g'.i:  s  bead  niixtu-o,  the  amount  to  be  added,  the  type  of 
fluid,  the  ilow  rate-  during  the  blow-down  test,  and  the 
clTicienrv  percent  required  for  the  specified  glass  bead 
mixture  (sc-  Table  15.8  5.2  foi  recommended  glass  bead 
mixtures).  The  results  -  annoi  be  correlated  directly  to 
lire  aveiMge  filtration  rating  since  tin-  measurements  are 
mud*1  gravimetrieally  rather  than  micros vopically  arid  are 
•xpi  •> -.fil  m  pen  nit  ,.l  removal  for  a  specified  glass  bead 
riiis'nri'  latli.  r  'ti.i  i  in  microns. 
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ABSOLUTE 

8TANDARO 

MICRON 

CONTAMINANT 

AMOUNT 

HATING  OF 

TYPE  AND 

ADDED 

SPECIMEN 

GRADE 

(GRAMS) 

Recommended  Contaminant!  for  A  bantu  t* 

licron  Rating  Tests 

8  to  16 

F-9  giai  i  beads 

0.06 

17  'o  24 

F-12  glass  beads 

0.05 

25  to  48 

F-13  glaas  beads 

0.05 

49  to  64 

F-15  glass  beads 

0.05 

65  to  96 

F-19  glase  beads 

0.10 

97  to  128 

F-17  glass  beads 

0.10 

129  to  160 

P-16  glass  beads 

0.10 

16)  to  260 

F-1C  glass  beadB 

0.10 

P  •commanded  Contaminants  for  Efficiency  Tests 


6  to  12 

F-9  glass  beads 

1C  18 

F-12  or  Fram  10/20 

glass  beads 

19  to  40 

F-13  glass  beads 

41  to  60 

F-15  glass  beads 

The  amount  of 

61  to  90 

F-19  glass  beads 

contaminant  added 

91  to  120 

F-17  glass  beads 

shall  be  167  mg/GPM 

121  to  150 

F-16  glass  beads 

of  rated  flow  unless 

151  to  200 

F-18  glass  beads 

otherwise  specified. 

b)  Efficiency  by  Particle  Sue  (Glass  Bead  Test).  This  test 
method  again  employs  glass  beads  but  in  a  series  of 
narrowly  classified  bands  with  a  maximum  range  per 
band  of  5  microns.  The  particle  size  at  which  a 
50  percent  removal  (by  microscopic  count)  is  effected  is 
considered  to  be  the  av  erage  filtration  rating  of  the  Filter 
since  it  corresponds  to  tie  mean  pore  size  of  the  filter 
medium.  This  test  procedure  is  quite  elaborate  and  time 
consuming.  When  used,  it  must  specify  the  quantity  and 
size  range  of  the  glass  bead  bands  introduced  as  well  as 
the  fluid  type  and  flow  rate  under  blow-down 
conditions. 

c)  Efficiency  by  Particle  Size  (Mercury  Instrusion  Test).  In 
this  test  mercury  is  forced  into  the  pores  of  a  small  test 
specimen  within  an  evacuated  chamber.  As  the  mercury 
pressure  in  the  chamber  increases,  mercury  ent  rs  first 
the  largest  pores  ol  the  filter  medium,  then  pores  of 
decreasing  diameter  until  all  pores  are  completely  filled. 
Pore  size  distribution  is  determined  by  using  an  equation 
which  is  derived  from  the  balance  of  pressure  and 
surface  tension  forces  for  mercury  on  steel.  The  maxi¬ 
mum  (peak  value)  of  the  pore  size  distribution  function 
occurs  at  the  average  pore  s'ze.  This  test  can  only  be 
performed  on  flat  specimens.  Once  it  has  been  con¬ 
ducted  for  each  type  and  grade  of  filter  medium 
employed,  it  need  not  be  repeated  os  long  as  dimensional 
controls  are  maini-iin-m  within  specified  limits  over  the 
dimensions  which  control  the  pore  size  of  a  filter 
medium  (such  as  mesh  count  and  wire  diameter  in  the 
case  of  wire  cloth). 

Contaminant  Capacity.  Contaminant  capacity  tests  mea¬ 
sure  the  amount  of  artificial  contaminant  which  can  be 
added  upstream  of  a  filter  under  rated  flow  conditions 
before  the  initial  (clean)  differentia!  pressure  reaches  a 
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specified  maximum  value,  This  maximum  valua  can  be  a 
function  of  system  design  considerations  such  as  maximum 
permissible  flow  or  pressure  decay,  or  the  opening  pressure 
of  an  upstream  relief  valve.  Generally,  however,  u  can  be 
assumed  that  due  to  the  asymptotic  shape  of  the  pressure 
drop  buildup  curve  (see  Figure  15.8.5),  the  uaeiai  life  of  a 
filter  is  expended  when  the  differential  pressure  reaches  a 
value  five  times  that  of  the  clean  differential  pressure.  This 
test  is  conducted  by  adr'ng  artificial  contaminant  upstream 
of  the  filter  under  specified  test  conditions.  Pressure  drop 
across  the  filter  is  measured  at  a  constant  flow  nte  and 
increments  of  contaminant  are  added  periodically  until  the 
specified  differential  pressure  has  been  reached.  The  test  is 
senritive  to  several  test  variables  such  as  size  distribution  of 
the  contaminant,  velocity  or  specific  flow  rate  through  the 
filter  medium,  type  of  fluid,  frequency  and  weight  of 
contaminant  added,  and  presence  of  a  clean  up  filter. 
Standardized  Arizona  road  dust  which  simulates  natural 
airborne  dirt  is  normally  used  for  this  test.  Hiere  are  two 
bask  method.!  of  conducting  contaminant  capacity  tests 
which  are  shown  as  method  A  and  method  P  in  Fig¬ 
ure  15.8.5.  The  basic  difference  is  the  use  of  a  system 
cleanup  filter  in  method  B.  All  available  test  data  show  that 
the  indicated  contaminant  capacity  of  a  filter  tested  with  a 
cleanup  filter  in  the  test  setup  is  greater  than  that  of  an 
identical  filter  tested  without  a  cleanup  filter  in  the  system 
This  is  because  the  smaller  contaminant  wh*ch  is  originally 
passed  by  the  test  filter  is  subsequently  removed  by  the 
cleanup  filter  and  is  not  reintroduced  into  the  test  specimen 
on  the  second  or  subsequent  passes.  As  a  result,  a 
contaminant  capacity  test  conducted  with  a  cleanup  Alter 
(method  B)  would  simulate  conditions  in  an  open-end 
system  (such  as  propellant  feed  system)  while  method  A 
would  simulate  a  recirculating  system  without  a  down¬ 
stream  system  cleanup  filter. 

Contaminant  Transmissions.  A  logical  extension  of  the 
contami.iant  capacity  test,  which  is  not  frequently  con¬ 
ducted,  is  the  contaminant  transmission  test.  This  test 
requires  the  installation  of  a  sampling  probe  just  down¬ 
stream  of  the  filter  and  the  taking  of  effluent  samples  of 
approximately  100  to  COO  ml  concurrently  with  the  addi¬ 
tion  of  each  increment  of  AC  dust  The  test  results  that 
can  be  obtained  in  this  manner  provide  a  ready  comparison 
witn  the  spherical  glass  bead  test  and  make  it  possible  to 


establish  the  size  of  three-dimensional  particles  whose 
longest  (rather  than  smaller)  dimensions  would  be  reported 
in  normal  .-contamination  control  sampling  methods.  As  a 
result  a  ratio  of  largest  spherical  to  tasgest  three- 
dimensional  particle  passed  car.  b*  developed  tor  each  filter. 
Utter  medium,  and  test  condition;  in  addition,  the  effects 
of  pressure  differential  bu  ildup,  actual  flow  rate,  and  pumping 
conditions  on  contaminant  transmission  can  be  analysed. 


Recleanability  Another  frequently-conducted  teat  consists 
of  first  loading  the  test  Alter  with  the  test  contaminant  up 
to  the  maximum  allowable  pressure  differential,  then 
cleaning  the  filter  element,  and  finally  reloading’  it  for  a 
total  of  10  different  cycles. 

TAis  test  is  of  interest  in  hydraulic  oil  applications  and 
requires  that  the  unit  meet  the  original  initial  premum  drop 
after  recleaning  and  be  capable  of  desnoostmtaag  a  contami¬ 
nant  capacity  90  to  100  percent  of  that  of  the  mutual  run 
during  each  cycle.  Before  specifying  this  tret,  Irowmer,  tkc 
influence  of  the  type  of  contaminant  encountered  uiwier 
actual  operating  conditions,  which  nut  probably  will  nut 
be  as  easily  removed  as  AC  mad  dust,  newt  be  UMridmd. 

Most  importantly,  however,  while  it  is  pooaiMe  to  restore 
the  initial  clean  pressure  differential  and  coatuminawt 
capacity  with  repetitive  ultrasonic  and  ’-''atnical  cleaning 
cycles,  it  has  been  proven  that  to  the  iniini 

cler  aliases  level  to  anything  approaching  the  original  count 
is  almost  impossible.  While  this  may  be  of  lidX  cones 
quercs  in  a  recirculating  system,  it  could  not  be  tuhntsd 
in  critical  applications  such  ss  a  rocket  propellant  feud 
system. 

Collapse  Pressure.  Another  extension  of  the  contaminant 
capacity  test  is  the  filter  element  collapse  pressure  test 
which  is  conducted  by  zddinj  sufficient  additional  continu¬ 
ant  at  the  end  of  the  contaminant  capacity  teat  to  raise 
the  differential  pressure  to  the  value  specified.  At  the 
conclusion  of  this  test  the  fi*ter  element  is  examined  lor 
-evidence  of  damage  or  rupture  and  frequently  recleaned 
and  subjected  to  another  initial  buoble  point  test  for 
comparison  with  the  original  values  to  verify  iructural 
integrity  of  the  filter  medium. 
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16.1  INTRODUCTION 

Ttil*  section  of  the  handbook  summarizes  the  technology  of 
fluidic*  for  tlie  fluid  component  designer  and  introduce* 
tli«  b**ic  language  of  this  new  technology  to  facilitate  one 
c T  the  reference  literature  on  fluidic*.  Basic  fluidic  aeviees 
such  as  fluid  Mnptifle.fi,  interface  devicer,  and  sensors  are 
discussed  in  term*  of  operating  principles,  configurations, 
performance  characteristics,  and  applications.  Equally 
Important  ia  the  presentation  of  realistic  potential  advan¬ 
taged  and  limitations  of  fluidic*  aa  re’ated  to  aerospace 
application*.  In  order  to  assist  the  designer  in  exploding  the 
advantages,  information  in  presented  on  He  analysis,  design, 
and  fabrication  of  fluidic  components  and  or.  the  defini¬ 
tion,  performance,  and  meana  of  specifying  basic  fluidic 
elements  and  ayatems  for  given  applications.  Terminology 
and  symbology  are  defined  in  Sub-Sections  16.2  and  16.3, 
respectively. 

16.1.1  The  Role  of  Fluidics 

A  fluidic  system  is  one  in  which  scn.ing,  control,  signal 
processing,  or  air  Icatfon  functions  are  performed 
through  the  use  of  Hold  c/namic  phenomena,  i  c.,  no 
mo-ing  median*  *1  parta  (Reference  23-72).  T  he  role  of 
fluidics  in  th'i  evolution  of  fluid  systems  ie  analogous  to  the 
role  of  electronics  in  the  evolution  of  electrical  systems.  A 
fluid  system  with  one  fluidic  device  is  called  a  fluidic 
system  just  as  an  electrical  system  with  one  electronic 
device  (vacuum  tube  or  tra.iaistor)  is  called  an  electronic 
system. 

Conventional  control  of  sophistiented  hydraulic  and  pneu¬ 
matic  fluid  poweu  circuits  and  of  flow  control  systems 
(such  as  rocket  propellant  feed  systems)  has  been  based 
primarily  on  the  use  of  electrical  and  electronic  signals  for 
sensing,  data  transmission,  and  amplification.  Although 
fluid  pow-tr  control  devices  and  systems  have  been  used  for 
many  yean  in  a  wide  range  of  applications,  heretofore  they 
could  not  be  employed  effectively  at  low  power  levels 
because  they  required  devices  with  moving  mechanical 
parts.  Therefore,  readily  available  elect  deal  and  electronic 
devices  and  circuits  were  preferred  for  low  power  level 
control  functions  such  as  sensing,  signal  transmission, 
switching,  and  amplification.  The  role  of  fluidics  is  not 
limited  to  these  low  power  level  control  functions,  but 
encompasses  the  entire  range  cf  fluid  power  ai.d  propellant 
feed  rystems. 

With  the  growing  availability  of  a  wide  variety  of  fluidic 
control  elements,  power  elements,  and  interface  trans¬ 
ducers,  a  new  generation  of  fluid  controi  systems  is  being 
dev  'oped  which  oifers  Unproved  reliability  potential 
through  the  elimination  of  moving  mechanical  parts. 

16.1.2  Advantages  and  Limitations  of  Fluidics 

Fluidics  offer*  unique  capabilities  which  are  leading  to  a 
new  generation  of  valves  and  controls  for  aerospace 
systems.  Practically  any  fluid  can  bo  used,  and  some  fluidic 
elements  will  operate  equally  well  on  either  gases  or  liquids 
(although  not  with  both  liquids  and  gases  present  at  the 
same  time).  While  fluidics  promises  potential  weight  savings 
in  many  cases,  the  primary  advantage  may  occur  when 
fluids  are  used  for  performing  all  functions,  and  compo¬ 
nents  such  as  sensors,  logic  devices,  and  amplifiers  can  be 
conveniently  coupled  together  directly.  Such  a  fluidic 
system  eliminates  the  need  for  interface  devices,  i.e.,  the 
transducers  between  the  electrical  and  fluid  portions  of  a 


system.  This  simplifying  characteristic,  as  well  as  a  wide 
range  of  available  fabrication  materials  including  high* 
temperature  alloys  and  ceramics,  makes  fluidic  systems 
capable  of  operating  *n  extreme  temperature,  radiation, 
vibration,  and  shock  environments.  An  obvious  advantage  is 
thuf  there  are  no  moving  part*  to  adze  or  wear  out. 

Aerospace  applications  of  fluidics  have  been  limited  moatly 
by  the  necessity  for  continuous  fluid  flow  (unless  moving- 
part  valves  are  employed)  and  the  lack  of  data  concerning 
fluidic  systems  designed  to  operate  with  exotic  fluidc  such 
as  liquid  rocket  propellants. 

16.1.3  The  Basis  for  Fluidic; 

The  operation  of  fluidic  elements  is  based  on  various  fluid 
flow  phenomena  such  n.>  wall  attachment  (Coanda  Effect), 
jel  deflection,  turbulent  mixing,  momentum  exchange, 
vortex  generation,  turbulent  diffusion,  boundary  layer 
separation,  and  transition  from  laminar  to  turbulent  flow. 
Many  of  these  phenomena  arc  familiar;  wall  attachment,  for 
example,  is  observsd  when  water  spills  over  the  edge, 
reattaches  and  runs  down  the  side  of  a  tipped  glass.  The 
deflection  of  the  exhaust  jet  of  a  rocket  engine  by  the 
perpendicular  injection  of  a  secondary  fluid  involves  a  more 
complex  combination  of  jet  deflection,  momentum  ex¬ 
change,  and  boundary  layer  separation  (see  Sub-Section  4.5 
of  this  handbook,  Secondary  Injection  Thrust  Vector 
Control  Systems).  The  j at  pump  is  another  common  device 
which  is  aii  -xample  of  the  application  of  fluidic  principles. 

Most  of  the  fluid  dynamic  phenomena  now  being  applied  in 
fluidi  •  devices  have  been  known  for  many  yeare.  Several 
significant  events  may  be  cited  in  the  progression  of 
discoveries  and  descriptions  of  fluid  dynamic  pheromena 
which  preceded  the  initial  recognition  of  fluidics  as  a 
discrete  technology.  In  1004  Pr»ndtl,  while  investigating 
flow  separation  in  a  wide-angle  diffuser,  discovered  that 
flow  separation  could  be  varied  by  applying  suction  at  the 
boundary  layer  of  the  diffuser  (Reference  198-1),  By 
installing  control  ports  at  each  side  of  the  diffuser,  he 
found  that  whet,  suction  was  applied  U  me  side  of  the 
diffuser,  the  discharge  fluid  would  adhere  to  that  side 
(Figure  16.1.3a).  When  suction  was  applied  at  the  control 
ports  on  both  sides  of  the  diffuser,  the  discharge  flow 
expanded  and  filled  the  entire  diffuser.  Prandtl  could  have 
made  the  first  fluidic  logic  element  by  installing  an  output 
QUCt  on  each  side  o'  the  diffuser. 

The  valvular  conduit  (Figure  16.1.3b),  invented  by  Tesla  in 
1916,  has  been  acclaimed  as  the  first  pure  fluid  device  with 
no  moving  parts.  This  device  is  actually  a  fluidic  diode 
which  oifers  low  resistance  to  flow  in  one  direction  and  a 
large  resistance  in  the  opposite  direction  (Reference  580-5). 

During  the  1900’s,  Coanda  observed  that  when  a  free  jet 
was  introduced  near  an  adjacent  curved  or  flat  plate,  the  jet 
would  adhere  to  the  plate  and  follow  the  plate  even  though 
the  new  flow  path  diverged  as  much  as  45  degrees  from  the 
original  flow  direction.  This  phenomenon  is  explmned  by 
the  fact  that  the  emerging  jet  stream  entrains  molecules  of 
fluid  in  adjacent  space  due  to  the  large  velocity  gradient  at 
the  edge  of  the  jet  (Figure  16.1.3c).  Near  the  adjacent 
plate,  the  entrained  fluid  is  not  easily  replaced,  whereas  on 
the  opposite  side  of  the  jet  the  entrained  fluid  is  easily 
eplaced  by  ambient  fluid.  This  condition  results  in  the 
formation  ol  a  low-pressure  bubble  or  vortex  and  the 
development  of  a  transverse  pressure  gradient  across  the  jet, 
which  bends  the  jet  toward  mid  eventually  against  the 
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adjacent  plate  The  ('oanda  Effect  is  of  majoi  importance 


Figure  16.1.3b  TeeU's  Valvular  Condirt 
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Figure  16,1.3c.  The  Coends  Effect 
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16.1.4  Thu  Advent  of  Fluidic  Technology 

The  primary  impetus  to  fluidics  as  a  technology  was 
provided  by  R.  E.  Bowles,  W.  M.  Horton,  and  R.  W.  Warden 
of  the  Army's  Ha.ry  Diamond  Laboratories,  Washington, 
D.C.  Together  they  explored  fluid  systems  as  a  means  of 
overcoming  environmental  problems  in  artillery  fuzing 
systems.  These  three  scientists  developed  a  number  of 
devices  in  1959,  which  were  unveile*’  in  1960.  Horton 
invented  the  stream  interaction  proj  >rtional  amplifier, 
Bowles  and  Warren  developed  the  flip-flop  and  digital 
switch,  and  the  three  subsequently  disclosed  and  patented  a 
number  of  fundamental  devices  and  applications  in  the 
field. 

16.2  FLUIDIC  STANDARDS  AND  TERMI¬ 
NOLOGY 

1 6. 2. 1  Fluidic  Standards 

Fluidic  terminology,  nomenclature,  graphical  symbology, 
and  definitions  used  in  this  handbook  are  based  primarily 
on  MIL-STD-1306  (Reference  447-10)  and  SAE  ARP  993, 
Fluidic  Technology  (Reference  23-72),  including  material 
for  the  proposed  revision,  ARP  993A. 

The  first  set  of  symbols  for  fluidic  circuitry  (References 
241-15  and  46-48)  was  presented  by  General  Electric 
Company  personnel  at  the  October  1962  Fluid  Amplifica¬ 
tion  Symposium  held  at  the  Harry  Diamond  Laboratories, 
Washington,  D.C  Since  then,  the  National  Fiuid  Power 
Association  (NFPA)  and  the  Fluidics  Panel  of  the  Society 
of  Automotive  Engineers  (SAE)  Committee  A-6  (Aerospace 
Fluid  Power  and  Control  Technologies)  have  done  a  great 
deal  of  work  in  defining  fluidic  standards.  Both  organiza¬ 
tions  have  agreed  on  most  standards  with  minor  symbology 
differences,  some  favoring  SAE  in  the  case  of  military, 
aerospace,  and  vehicular  applications  (i.e.,  SAE  ARP  9931 
and  others  favoring  NFPA  in  the  case  of  industrial  and 
commercial  applications  (Reference  462-3).  This  handbook 
endeavors  to  follow  MIL-STD-1306  (Reference  447-10), 
which  is  based  primarily  on  SAE  ARP  993. 

Section  3.0,  Fluid  Mechanics,  of  this  handbook  provides  c 
source  of  fundamental  theory  and  equations  of  flow.  The 
important  properties  and  parameters  of  fluid  mechanics 
pertaining  to  fluidics  (in  particular,  fluid  pressure,  fluid 
flow,  and  fluid  resistance)  are  given  general  treatment  in 
References  1-298,  1-299,  1-300,  and  1-301,  and  a  more 
detailed  treatment  in  References  532-1  and  770-1, 

Terms  common  to  fluidics  are  defined  below  in  Sub-Topic 
16.2.2.  Symbols  used  in  fluidics  are  discussed  in  Sub- 
Section  16.3  and  are  defined  in  foldouts  at  the  end  of  this 
section.  In  etch  of  these  areas  MIL-STD-1306  has  been  used 
as  the  primary  standard,  with  supplementary  terms  and 
symbols  selected  as  required  to  complement  Section  3.0  of 
this  handbook. 
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Active 


Adjective  to  describe  an  amplifying  or 
switching  device  whose  operation 
depends  upon  a  separate  supply 
source  of  power  in  addition  to  the 
signal  power. 
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^,1'iator 


Amplifier 


Analog 


Aspect  ratio, 
nozzle  (a) 

Bandwidth 


Bias 


Boundary  layer 
amplifier 


Capacitor 


Circuit 


Cosed  amplifier 


i 

Coanda  Effect 


Digital 


Direct  impact 
modulator 

Double-leg  elbow 
amplifier 


A  component  device  or  system  which 
provides  a  mechanical  actuation  in 
response  to  some  input  signal. 

An  active  device  or  component  which 
provides  a  variation  in  output  :  ignal 
having  a  potential  power  level  varia¬ 
tion  whicn  is  usually  greater  than  that 
of  the  impressed  input  control  signal 
variation.  The  variation  in  output 
signal  bears  a  specified  functional 
relationship  to  the  input  control  sig¬ 
nal  variation. 

Adjective  to  describe  a  general  class 
of  components  or  circuits  in  which  all 
signals  may  vary  continuously  (as 
opposed  to  signals  which  may  only 
vary  in  discrete  in  rements). 

Ratio  of  no  ride  depth  to  nozzle 
width. 

The  operating  frequency  range  of  a 
oevice  as  defined  by  the  minimum 
(usually  zero  or  steady  state)  and 
maximum  operating  frequencies  An 
indication  of  maximum  operating  fre¬ 
quency  is  the  frequency  at  which  the 
output  signal  lags  the  control  signal 
by  45  degrees  for  a  specified  load  and 
control  amplitude. 

Magnitude  of  input  signal  to  null  or 
provide  zero  output  signal  for  differ¬ 
ential  amplifiers;  signal  magnitude 
required  to  establish  operating  point 
for  single-ended  amplifiers. 

An  amplifier  which  utilizes  the 
separation-point  control  of  a  power 
stream  from  a  curved  or  plane  surface 
to  modulate  the  output 

A  passive  fluid  element  which  pro- 
dues*  a  pressure  within  itself  which 
lags  the  inflow  rate  by  90  degrees 
phase. 

An  array  of  interconnected  compo¬ 
nents  and  elements  which  performs  a 
desired  function;  tor  example,  an 
integrator,  counter,  or  operational 
amplifier. 

A  fluidic  amplifier  which  has  no 
communication  with  an  independent 
reference,  i.e.,  the  interaction  region 
is  not  vented. 

The  wall  attachment  phenomenon. 
See  Detailed-Topic  16.4.1.2  and  Sub- 
Topic  16.4.2. 

Tl.e  general  class  of  devices  or  circuits 
whose  output  is  a  discontinuous  func¬ 
tion  of  its  input. 

See  Detailed  Topic  16.4.6.5. 


Edjevone  amplifiei 
Element 


Fan-in 


Fan-out 


Flip-flop 


Flow  amplifier 
Flow  diverter 


Flow  recovery, 
output 

‘flueric 


Fluerics 


Fluidic 


Fluidic  component 


See  Detailed  Topic  16.4.6.2. 


See  P  i  ailed  Topil  Hi. 4.6.4. 

The  general  class  of  devices  in  their 
simplest  form,  used  to  make  up 
fluidic  components  and  circuits,  for 
example,  resistors,  capacitors,  flip- 
flops,  and  jet  deflection  amplifiers. 

The  number  of  control  signals  (push- 
pull  or  single  ended)  accepted  by  a 
logic  gate,  which  can  effect  the 
de  .ired  change  in  .slate  of  the  logic 
gate. 

The  number  of  components  which 
can  be  driven  by  a  single  component; 
all  components  are  to  be  operated  at 
the  same  supply  pressure.  Also,  com¬ 
ponents  are  to  be  of  similar  size  and 
have  similar  switch  points.  Fan-out 
value  relates  to  steady- state  operation 
unless  the  corresponding  frequency  is 
given. 

A  bistable  flueric  component  (reset- 
set)  which  changes  state  with  the 
proper  reset-set  input  of  sufficient 
amplitude  and  width,  ft  exhibits 
“memory”  (remains  in  a  particular 
state)  once  it  has  switched,  without 
requiring  a  continual  input  signal. 

An  amplifier  designed  primarily  for 
amplifying  flow  signals. 

A  digital  flueric  amplifier  with  ro 
memory  designed  primarily  for  high 
pressure  recovery.  It  operates  on  the 
jet  interaction  principle.  See  Figure 
16.4.2b. 

The  maximum  output  mas.,- flow  rate 
divided  by  the  supply  mass-flow  rate. 
Generally  given  as  a  percentage. 

An  adjective  sometimes  applied  to 
those  fluidic  components  and  systems 
which  perform  sensing,  logic,  amplifi 
cation,  and  control  functions,  but 
which  use  no  moving  mechanical  ele¬ 
ments  whatsoever  to  perform  the 
desired  function. 

The  area  within  the  field  of  fluidics  in 
which  fluid  components  and  systems 
perform  sensing,  logic,  amplification, 
and  control  functions  without  the  use 
of  moving  mechanical  parts. 

An  adjective  denoting  a  device  or 
system  in  which  some  sensing,  con¬ 
trol,  signal  processing,  and/or  amplifi¬ 
cation  functions  are  performed 
through  the  use  of  fluid  dynamic 
phenomena  (no  moving  mechanical 
parts). 

A  fluidic  device,  distinguished  from 
an  element  by  virtue  of  the  fact  that 
it  is  composed  of  more  than  one 
element. 
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Fluidics 


Focused  jo' 
amplifier 

Frequency  response 


Gain,  flow  (analog) 


Gain,  flow  (digital) 


Gain,  flow  (incre¬ 
mental,  analog) 


Gain,  power 
(analog) 


Gain,  power 
(digital) 

Gain,  power  (incre¬ 
mental,  analog) 

Gain,  pressure 
(analog) 


Gain,  pressure 

(incremental, 

unaleg) 
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'Pie  general  field  of  fluid  devices  and 
systems  and  the  associated  peripheral 
equipment  used  to  perform  sensing, 
logic,  amplification,  and  control 
functions. 

See  Detailed  Topic  16.-l.f>.b 


Usually  given  in  the  form  of  fre¬ 
quency  response  curves  of  the  varia 
tion  of  output/input  amplitude  ratio 
and  phase  as  a  function  of  frequency. 

Average  gain;  the  slope  of  a  straight 
line  drawn  through  an  input  flow 
versus  output  flow  curve,  so  that 
deviations  from  the  measuied  curve 
up  tc  the  maximum  output  level  are 
minimised.  Deviations  should  be 
based  on  net  urea.  ff  other  than 
maximum  output  level  is  used  for  the 
average  gain  definition,  the  range 
should  be  noted.  Measured  curve  is  to 
be  for  either  low  output  pressure 
recovery  (resulting  from  instrumenta¬ 
tion)  or  a  value  which  provides  maxi¬ 
mum  flow  gain. 

Ratio  of  output  flew  change  to  input 
flow  change  (from  quiescent) 
required  for  switching  to  occur. 

The  slope  of  the  output  flow  versus 
the  input  flow  curve  at  the  operating 
point  of  interest. 

Average  power  gain;  ratio  of  the 
change  in  output  power  to  the  change 
in  input  power;  the  average  value  over 
operating  range  up  to  maximum  out¬ 
put  level  unless  the  range  is  stated. 

Ratio  of  the  change  in  output  power 
to  the  change  in  input  power  (from 
quiescent)  for  switching  to  occur. 

The  slope  at  the  operating  point  of  an 
input/output  power  curve. 

Average  gain;  the  slope  of  a  straight 
line  drawn  through  a  measuied  input 
pressure  versus  output  pressure  curve 
so  that  deviations  from  the  measured 
curve  up  to  the  maximum  output 
level  are  minimized.  Deviations 
should  be  based  on  net  area.  If  other 
than  the  maximum  output  level  is 
used  for  the  average  gain  definition, 
the  range  used  should  lie  notec.  Gage 
pressure  values  should  Le  used.  The 
measured  curve  is  to  be  for  either 
zero  output  flow  or  □  value  which 
provides  maximum  pressure  gain  (see 
Figure  16.2.2a). 

Incremental  gain;  the  slope  of  the 
measure'4  input  pressure  versus  out¬ 
put  pressure  curve  at  the  operating 
point  of  interest  (see  Figure  16.2.2a). 


MAXIMUM  Ui  ('111  ItVFI 


Fiyuri  16.2.2*  Prevaire  Gain 
(Reference  147- 10) 

Gain,  pressure  Ratio  of  measured  output  pressure 

(digital)  change  to  input  pressure  change 

(from  quiescent)  required  for  switch¬ 
ing  to  occur.  AH  control  ports  except 
the  one  under  consideration  should 
be  maintained  at  the  quiescent  pres¬ 
sure  level.  Output  flow  should  be  zero 
or  a  value  which  results  in  maximum 
pressure  gain  If  gain  value  is  for  other 
than  steady-state  conditions,  the  test 
frequency  ahould  be  stated. 


Hydraulic  diameter 


Hysteresis,  analog 
amplifier 


The  ratio  of  the  cross-sectional  area 
of  a  flow  pas^e  to  one-fourth  the 
wetted  perimeter  of  the  passage. 

Total  width  of  hysteresis  loop  ex- 
freased  as  a  percent  of  peak-to-peak 
saturation  input  signal.  Measurements 
must  be  at  frequencies  below  those 
where  dynamic  effects  become  signifi¬ 
cant  (see  Figure  16.2.2b).  Measure¬ 
ments  to  be  made  at  the  widest  point 
on  the  curve. 


Figure  16.2.2b.  Analog  Amplifier  Hysteresis 
/ Reference  447- 10) 
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Hysteresis.  digital 
amplifier 

P 


OUTP1I1 


Figure  ic.; 

Impact  modulator 
Impedance,  input 


Impedanc--,  output 


Induction  amplifier 
Inducin' 


Jet-deflection 
amplifier  (also 
beam-deflection 
amplifier,  stream 
interaction  pro 
portionai  ampli¬ 
fier,  jet-on-jet 
proportional 
amplifier) 

Linearity  deviation, 
output 


Logic  elements 
(also  logic  gates) 
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Width  ol  tin  hysteresis  l.»>p  its  uteas 
ured  oil  .111  input /out  pul  rmvf  and 
expressed  a s  a  pro  t  nl.ige  of  the 
supply  <  ottdil  ions  lot  ew.mple,  flow 
hystere-  is  is  tin-  In  ..lei  .  loo|t  width 
I  measured  on  u  mpii i /i i  mil  llow 
curve  1.  divult'd  In  'he  supply  flow 
(set  Figure  Id  L’.  '.’i  I 


“  Y  i  .  .r  ;i  ;  i 

.  Vw 

-a-  -  I  If 

w 

) 

*  r  IN  "I  II  - 

I  Vc  Digital  Amplifiui  Hystuiutas 
( Ht'h'n'iK  M /  W, 

See  I  let. tiled  topie  It!.  I  (i  !>. 

The  ratio  of  pressure  change  (o  flow 
change  •  measured  at  ail  input  put. 
Ni.  rucricul  value  .nay  depend  on 
operating  point,  since  input  pressure 
flow  curve  may  not  be  linear.  For 
active  elements,  the  power  source 
shoulo  he  counecled  for  measure¬ 
ments. 

The  ratio  of  pressure  change  to  flow 
change,  measured  at  Hn  output  port. 
Numerical  value  may  depend  on 
operating  point,  since  output 
pressure-flow  curve  may  not  he  linear. 

See  Detailed  Tonic  1  <». -1  .<>. 3. 

A  passive  fluc-ic  element  which, 
because  of  fluiu  inertancc,  has  a 
pressure  drop  across  it  which  leads 
the  through  (low  by  90  degrees  phase. 

See  Sub-Topic  16. -1.3. 


Deviation  of  the  measured  curve  from 
the  straight-line  average  gain  approxi¬ 
mation:  the  ratio  of  the  deviation  to 
the  peak-to-peak  output  range  (rangi- 
should  be  stated  if  oihei  than  maxi¬ 
mum  output  level)  expressed  as  a 
percentage  (see  Figure  16. 2. 2d). 

The  general  category  of  digital  com¬ 
ponents  which  provide  logic  func¬ 
tions;  for  example,  AND,  OR,  NOR, 
•nd  NAND,  They  can  gate  or  inhibit 
signal  transmission  with  the  applica¬ 
tion,  removal,  or  other  combinations 
ol  i.iput  signals. 


Flours  '6.2.2d.  Output  Linaarity 

(Re!  rt)ncn  447  W) 


Memory 


Passive 


1’  >r  amplifier 


■V  assure  amplifier 


Pressure  recovery, 
output 


Relaxation 

oscillator 

Resistor 


Response  time 


Reynolds  number 


The  capability  of  u  logic  gate  to  retain 
the  stale  of  its  output  sign:  I  corre¬ 
sponding  to  the  most  recently  applied 
control  signal  after  the  control  signal 
is  removed. 

The  general  class  of  devices  which 
operate  on  l*ie  signal  power  alone. 

An  amplifier  designed  primarily  to 
provide  maximum  power  gain. 

An  amplifier  designed  primarily  to 
amplify  pressure  signals. 

The  difference  between  the  maximum 
output  pressure  and  the  local  vent 
pressure  divided  by  the  difference 
between  the  supply  pressure  and  the 
pressure  in  the  interaction  region.  For 
closed  amplifiers,  the  control  port 
pressure  should  be  used  us  the  ref¬ 
erence  pressure. 

See  Detailed  Topic  16. 1.7. 2. 


A  passive  fluidic  element  whu-h, 
because  of  viscous  losses,  produces  a 
pressure  drop  as  a  continuous  func¬ 
tion  of  the  flow  through  it. 

The  time  interval  between  the  appli¬ 
cation  of  ai>  input  step  signal  and  the 
resulting  output  signal.  The  time 
measurement  for  the  response  to  the 
input  step  signal  is  lo  be  made  when 
the  output  signal  reacnes  a  level 
which  is  63  percent  of  the  final 
output  value.  (See  Figure  16.2.2e.) 

A  dimensionless  parameter  of  fluid 
llow  which  often  indicates  the  ratio 
of  inertial-to-viscous  force  : 


where  d|,  *  hydraulic  diameter,  u  * 
mean  velocity  of  the  fluid,  and  v  m  ki¬ 
nematic  viscosity. 
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Flgur#  16.2.2*.  Rnpom*  Tim*  and  Tim*  Orl*y 

(Ri  trtttc0  44  7  1 0) 

SI  An  abbreviate  i  indicating  the  inter¬ 

national  lyitem  of  unit*. 

Saturation  The  maximum  output  value  regardle** 

of  input  magnitude  (see  Figure 
16.2.20. 


Figure  16.2.  Z1  Saturation 

(ReijreiKt  447- 101 

Sensor,  fluidic  A  fluidic  device  which  senses  a  basic 

quantity  such  as  rate,  position,  accel¬ 
eration,  pressure,  or  temperature,  in 
terms  of  a  fluid  quantity  such  ss 
pressure  or  flow  rate. 

Signal-to-noise  Ratio  of  maximum  (saturation  value) 

ratio  (SNR)  output  signal  amplitude  to  maximum 

(analog  amplifier)  no’te  amplitude  (at  output).  Signal 
and  noise  data  should  be  RMS  values. 

Rat  jn  nf  the  sniplltudc  of  the  output 
signal  to  the  peak-to-peak  maximum 
noise  signal.  Maximum  noise  signal  is 
to  be  mcasu  ed  when  the  port  is 
active  and  inactive.  The  greater  value 
of  the  two  is  used  in  calculating  the 
SNR. 

Transducer  A  device  which  converts  signals  from 

one  medium  to  an  equivalent  signal  in 
a  second  medium. 

Time  delay  The  time  from  the  initiation  of  an 

input  signal  until  the  firct  discernible 
change  in  the  output,  caused  by  this 
input  signal  (see  figure  18  2.2e). 

Transport  delay  Time  required  for  a  fluid  particle  to 
travel  from  the  input  control  port 
region  to  the  output  receiver  region. 


Trnnsverse  impact  See  Detailed  Topic  10.4.6..). 

modulator 

Truth  table  A  table  depicting  the  function  of  a 

logic  element;  all  possible  combina¬ 
tions  <>f  input  signals  are  tabulated 
along  with  the  corresponding  state  of 
the  output  signu'  (sec  Detailed  Topic 
16.8.4.2). 

Turbulence  See  Detailed  Topic  18.4.5.1. 

amplifier 

Vented  amplifier  A  fluidic  amplifier  which  utilize# 
vents  to  establish  a  reference  pressure 
in  the  interaction  region. 

Vortex  amplifier  A  fluidic  umpllfie,  which  utilizes  the 
pressure  drop  across  a  controlled 
vortex  for  the  modulating  principle 
(see  Sub-Topic  16.4.4). 

Wall  attachment  See  Sub-Topic  18.4.2. 

amplifier 


18.3  FLUIDIC  SYMBOLS  AND  UNITS 
16.3.1  Units,  Dimensions,  and  Symbols 

The  Bystem  of  units  used  in  fluid  mechanics  work  in  this 
handbook  is  the  unit  force-mass  system,  which  provides  a 
compromise  between  the  absoh  te  and  gravitational  sys¬ 
tems.  This  system  is  described,  in  Sub-Topic  3.2.1  of  this 
handbook.  Ml L- STD- 1 306  (Inference  447-i0)  provide! 
both  the  international  system  (SI)  and  English  (standard) 
units,  with  the  rccommendution  that  all  current  and  future 
work  should  be  documented  and  reported  in  SI  units.  Table 

16.3.1  lists  the  symbols  used  in  this  section  of  the 
handbook,  both  the  SI  and  English  units,  and  dimensions 
for  these  symbols.  Table  16.3.1  is  located  on  a  foldout 
sheet  at  the  end  of  this  section.  Conversion  tables  for  the 
primary  quantities  arc  given  in  Appendix  A. 

16.3.2  Graphical  Symbols 

Graphical  symbols  enable  the  circuit  designer  to  depict 
clearly  and  concisely  in  drawings  and  schematics  tne 
function  to  be  performed  o '  the -operating  principle  of  the 
device  employed  to  perform  the  function.  An  integrated  set 
of  symbology  which  satisfies  these  two  basic  needs  has  been 
extracted  from  RAF.  ARP  993A  (Reference  23-7?.), 

Functions  of  fluidic  devices  are  defined  by  symbols 
enclosed  within  square  envelopes.  Operating  principles  of 
fluidic  devices  are  defined  by  symbols  enclosed  within 
round  envelopes.  The  difference  in  envelopes  is  specifically 
intended  to  emphasize  the  difference  in  purpose  of  the 
symbols  as  shown  below: 


□  o 


Functional  Operating  Principle 

Symbol  Symbol 


ratio  (digital 
smpTfier) 


16.25 
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By  definition,  the  symbols  ire  intended  to  show  the 

following: 

a)  The  functional  symbol  depicts  a  function  which  may  be 
performed  by  a  single  fluidic  element  or  by  an  intercon¬ 
nected  circuit  containing  multiple  elements. 

b)  'the  operating  principle  symbol  depicts  the  fluid- 
dynamic  phenomenon  in  the  interaction  region  which  is 
employed  to  perform  the  function. 

In  the  cases  where  no  operating  principle  is  shown,  it  is 
implied  that,  at  present,  no  single  operating  principle  or 
interaction  region  is  adequate  to  perform  the  function.  In 
these  cases  a  combination  of  operating  principles  or 
interaction  regions  is  required  to  represent  the  function. 
For  convenience,  graphical  symbols  have  been  listed  in 
Table  16.3.2  and  incorporated  as  foldouts  at  the  end  of  this 
section. 

‘!8.4  FLUIDIC  DEVICES 

} 

Various  fluidir  devices  which  perform  a  variety  of  circuit 
functions  are  available.  £  clear  understanding  of  their 
operation,  performance  characteristics,  and  limitations  is 
essential  to  the  successful  application  of  these  devices  and 
Ao  the  analysis,  design,  and  test  of  circuits.  This  sub-section 
describes  the  various  fluid  interaction  phenomena  that  form 
the  basis  of  fluidic  technology  and  shows  how  these 
phenomena  are  utilized  in  practical  fluidic  devices. 
(Adapted  from  Reference  37-25.) 

16.4.1  Basic  Device  Phenomena 

All  active  fluidic  devices  have  at  least  four  basic  functional 
parts:  a  supply  port,  an  output  port,  one  or  more  control 
ports,  and  an  interaction  region  (Figure  16.4.1).  These  parts 
have  been  respectively  compared  to  tke  cathode,  plate, 
control  grid,  ar.u  interelectrode  region  in  a  vacuum  tube.  In 
the  fluidic  device,  the  supply  jet  (fluid  stream)  is  intro¬ 
duced  into  toe  interaction  region  and  directed  toward  the 
output  port  or  receiver.  The  degree  of  pressure  and  flow 
recovery  in  the  receiver  is  influenced  by  the  details  of  the 
device  configuration.  When  a  control  flow  is  introduced 
into  the  interaction  region  it  modifies  the  direction  and 
distribution  of  the  supply  flow,  so  that  a  change  in  output 
results  at  the  receiver.  Since  the  change  in  output  energy  is 
usually  achieved  with  a  much  smaller  incremental  change  in 
control  energy,  useful  amplification  results. 


INTERACTION  REGION 


* 


CONIROl 

Figure  16.4.1.  Bask  Fluidic  Device 


The  various  *’uid  interaction  mechanisms  presently  used  in 
fluidic  devices  can  be  divided  into  three  basic  ca*egOi:es: 

a)  Jet  interaction  —  where  a  supply  iet  is  essentially 
unconstrained  by  surfaces  (other  then  top  and  bottom 
plates)  in  the  interaction  region  and  the  control  flow 
directly  modulates  the  supply  flow. 

b)  Surface  interaction  —  where  the  presence  of  an  adjacent 
surface  is  essential  to  the  control  action. 

c)  Vortex  flow  —  where  the  existence  of  a  vortex  field  in 
the  interaction  region  is  essential  to  the  device  function. 

If .4.1.1  JET  INTERACTION.  In  jet  interact' jn  devices, 
control  action  is  achieved  through  the  direct  effect  of 
control  flow  on  the  source  jet.  Included  in  this  category  are 
beam  deflection,  impact  modulation,  and  controlled  turbu¬ 
lence  effects. 

Beam  deflection  is  illustrated  in  Figure  16.4.1.1a,  where  the 
vector  direction  of  flow  from  the  supply  jet  is  varied  by 
flow  from  one  or  more  control  jets  which  are  oriented  at 
approximately  90  degrees  to  the  source  jet.  For  the  small 
modulation  angles  normally  used  in  practical  fluidic- 
devices,  the  angular  deflection  or  modulation  angle  is 
essenflally  a  linear  function  of  the  control  momentum  such 
that,  for  a  given  properly  designed  receiver,  the  beam 
deflection  effect  can  be  utilized  to  develop  a  linear 
proportional  amplifier. 


'.•OUbtoON 


I  | 
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Figure  16.4.1.1a.  Betfjn  Deflation 

Impact  modulation  (Figure  16.4.7.1b)  is  achieved  by  the 
use  of  two  ardally  opposed  supply  jets  which  provide  a 
planar  impact  region.  The  shape  and  location  of  the  impact 
region  car.  be  varied  by  modifying  one  of  the  supply  jtts. 
This  is  accomplished  by  introducing  a  control  flow  into  cr 
transversely  across  one  of  the  supply  jets,  which  will  either 
increase  or  decrease  ihe  momentum  of  the  jet  such  that  the 
impact  region  is  axially  displaced.  Consequently,  when  an 
appropriate  receiver  is  located  near  t.ie  impact  region, 
transverse  radial  flow  from  the  impact  region  into  the 
receiver  can  be  modulated  by  the  control  flow. 

The  controlled  turbulence  effect  is  illustrated  in  Figure 
16.4.1.1c,  where  a  supply  flow  is  ejected  from  a  nozzle  into 
a  disturbance-free  medium.  Under  the  proper  conditions, 
the  jet  flow  wilt  remain  laminar  for  a  considerable  distance 
downstream  fl-om  the  nozzle  and  then  abruptly  become 
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turbulent.  When  control  flow  it  introduced  near  the  exit  of 
the  supply  jet,  it  disturb*  the  supply  jet,  causing  the  point 
of  turbulent  breakdown  to  move  axially  upstream  toward 
the  supply  jet  nozzle.  Since  the  energy  recoverable  from  the 
source  jet  i?  much  greater  in  the  laminar  region  than  in  the 
turbulent  region,  a  receiver  located  between  the  uncon¬ 
trolled  turbulence  point  and  the  controlled  turbulence 
point  will  sense  a  significant  change  in  energy  level  when 
control  flow  is  introduced  or  shut  off. 


Figure  164.1.1b.  Impact  Modulation 
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Figure  16.4.1.1c.  Controlled  Turbulence 

16.4.1.2  SURFACE  INTERACTION.  The  function  of 
come  devices  depends  upon  the  influence  of  an  adjacent 
surface  on  the  supply  flow.  The  most  important  effects  are: 

a)  The  attachment  of  a  stream  to  a  surface,  and 

b)  The  separation  of  flew  from  a  curved  surface. 

Although  in  each  case  the  control  function  is  provided  by  a 
control  flow,  the  surface  supports,  and  is  essential  to, 
device  operation. 

The  Coanda  Effect  is  the  primary  fluid  dynamic  phe¬ 
nomenon  influencing  the  performance  of  a  wall  attachment 
device.  T->  understand  the  mechanism  of  attachment, 
consider  a  supply  jet  emerging  into  the  srea  bounded  on 
one  side  by  a  wall  perpendicular  to  the  jet  and  on  the  other 
aide  by  an  angled  wall  oriented  approximately  30  degrees 


from  the  supply  jet  centerline  (Figure  16.4.1.2a).  The 
emerging  jet  entrains  ambient  fluid  because  of  high  shear  at 
the  edge  of  the  jet.  This  untrained  fluid  is  not  easily 
replaced  by  ambient  flu'  i  on  the  angled  wall  side  of  t,»e  jet, 
so  that  a  tram,  verse  static  pressure  gradient  is  formed  across 
the  jet  which  bends  the  jet  and  forces  it  to  attach  to  the 
angled  wall.  A  low  pressure  vortex  region  (or  bubble)  ic 
formed  between  the  jet  and  the  point  of  attachment. 
Within  the  bubble,  fluid  is  entrained  ne«r  the  supply  nozzle 
and  replenished  by  separated  flow  near  the  point  of 
attachment.  The  attached  jet  may  be  detached  from  the 
surface  by  injecting  control  flow  into  the  low  pressure 
separation  bubble.  The  stability  of  wall  attachment  plus  the 
abilitv  to  detach  and  shift  tne  jet  make  this  an  extremely 
useful  effect  in  digital  fluidic  devices. 


ENTRAINMENT  FLOV.' 


[Reference  131-40 1 

The  separation  effect  is  based  on  the  tendency  of  a  supply 
flow  to  follow  an  adjacent  gradually  curved  surface  as  long 
as  the  pressure  gradient  is  larger  than  the  momentum  vector 
(Figure  16.4.1.2b).  When  the  radius  of  curvature  of  the 
surface  is  sharply  reduced,  momentum  will  predominate  at 
some  point  downstream  and  the  flow  will  separate  from  the 
surface.  Control  flow  injected  upstream  of  the  separation 
point  will  influence  the  point  of  separation  by  reducing  the 
pressure  gradient  across  the  jet  and  thus  change  the  angle  at 
which  the  flow  leaves  the  curved  surface.  Several  fluidic 
devices  use  this  effect  to  modulate  the  source  flow  in  one 
or  more  receivers  downstream  of  the  controlled  separation 
region. 


SOURCE  JET 


1 


EPARATION  REGION 


Figu.s  164.1.2b.  Separation  Effect 

16.4.1.3  VORTEX  FLOW.  In  vortex  controlled  devices, 
supply  flow  is  introduced  radially  at  the  circumference  of  a 
shallow  cylindrical  chamber  (Figure  16.4.1.3).  With  no 
control  present,  the  supply  flow  enters  the  vortex  chamber 
and  proceeds  radidiy  inward  with  minimal 'resistance  and 
flows  out  through  the  centrally  located  outlet  orifice.  The 
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Figure  16.4.1.3.  Vortex  Flow  Effects 

(Courtesy  of  Betidix  Reseats  >  Laboratories,  Southfield,  Michigan) 

supply  port  is  generally  much  larger  than  the  outlet  ori.flce, 
so  that  the  -'•-utlet  flow  rate  i»  determined  b>  the  area  of  the 
exit  orifice  and  system  pressures.  When  contro’  flow  is 
injected  tangentially  into  the  chamber,  tfc  source  anu 
control  flows  combine,  and  the  resultant  flow  develops  a 
degree  of  swirl  dependent  on  the  relative  magnitudes  of  the 
sourer  :.:id  control  flow  momenta.  This  development  cf  a 
forced  vortex  field  within  the  chamber  varies  the  pressure 
gradient  across  the  chamber  such  that  the  magnitude  f  •.  well 
as  the  pattern  of  tl.c  source  How  is  altered.  Since  the  vortex 
Held  provides  a  variable  resistance,  it  can  substantially 
reduce  or  throttle  flow' and  thus  provides  a  unique  control 
function  in  fluidic  device?  (Rcference'37-19). 

16.4.2  W?!*  Attachment  Amplifiers 

The  Coanda  Effect  is  the  primary  fluid  dynamic  phe¬ 
nomenon  influencing  the  performance  of  wall  attachment 
devices.  These  devices  provide  a  fairly  high  speed  of 
response,  average  efficiency,  and  relatively  high  fan-out. 
Versatility  and  relatively  good  performance  in  a  number  of 
applications  are  strong  recommendations  for  their  con¬ 
tinued  widespread  use.  Several  fluidic  counterparts  of  the 
basic  electronic  logic  elements  have  been  developed,  includ¬ 
ing  a  flip-flop,  mor.ostable  switch,  OR-NOR  dement,  half 
adder,  and  a  pulse  converter. 

The  configuration  of  the  basic  two-dimensional  wall  attach¬ 
ment  device  is  shown  :n  Figure  16.4.2a.  This  device  utilizes 
two  walls  set  back  from  the  nozzle,  control  ports,  and 
channels  to  define  two  downstream  outputs.  Because  of  the 
Ceanda  Effect,  the  device  is  bistable,  i.e.,  a  turbulent  free 
>»t  emerging  from  the  supply  port  can  be  made  to  stably 
attach  to  either  wall.  Operating  characteristics  of  the  unit 
can  be  varied  by  many  parameters  including  pressure,  flow, 
and  the  physical  relationships  in  the  interaction  region.  The 
effect  of  varying  some  of  the  physical  parameters,  loading, 
and  the  power  jet  pressure  is  illustrated  in  Figure  16.4.2b. 

The  switching  mechanism  in  a  bistable  wall  attachment 
device  is  illustrated  in  Figure  16.4,2c.  Presuming  the  jet  is 
initially  attached  to  the  lower  wall,  fluid  is  injected  through 
the  lower  control  port  into  the  vortex  bubble.  When  the 
rate  of  injected  fluid  exceeds  the  rate  at  which  fluid  is 
removed  by  entrainment,  the  pressure  on  the  lower  edge  of 
the  jet  will  increase.  As  this  pressure  becomes  greater  than 
the  pressure  on  the  upper  edge  of  the  jet,  the  pressure 
differential  is  reversed  and  the  jet  will  detach,  cross  over  to 
and  attach  to  the  upper  wall,  and  remain  attached  even 
after  the  lower  control  flow  is  removed. 

The  flip-flop  (bistable  wall  attachment  device)  and  a  few 
examples  of  the  many  logic  elements  which  utilize  a 
combination  of  wall  attachment  find  stream  interaction 
principles  are  shown  in  Figure  16.4. 2d  The  digital  states  of 
each  deyice  can  be  followed  by  referring  to  the  accompany¬ 


ing  truth  table.  In  the  OR-NOR  gate  the  interaction  region 
is  p-  yt!  rally  biased  so  that  the  supply  flow  will  stably 
attach  only  to  the  adjacent  wall  leading  to  output  2.  Wl.cn 
contro'  i  j‘  -  supplied  to  either  or  both  c'  the  control 
ports,  the  pt.iv"*  stream  is  shifted  to  outpui  l  by  stream 
interaction.  Wren  !'\e  controls  are  removed,  the  power 
st>§am  returns  to  os  .put  2. 

The  AND  gate  and  half  adder  (ex  ,’lusive  OIU  elements  also 
shown  in  Figure  16.4. 2d  are  passive  elements,  i.e.,  devices 
that  operate  on  the  signal  power  alone.  T.  the  AND  gate, 
control  1  will  appear  at  output  3  if  control  2  is  not  present, 
and  control  2  will  appear  at  output  1  if  control  1  is  not 
present.  These  stable  output  s*ates  are  achieved  by  wall 
attachment  ir.  the  respective  output  ducts.  When  controls  1 
...and  2  appear  together  (p-  ’suming  equal  control  pressures), 
they  combine  by  stream  interaction  to  produce  a  signal  at 
output  2.  The  half  add.v  function  differs  fsom  the  A'-VU 
gal.e  in  that  both  controls  appear  at  outDut  2,  control  1  hrj 
wall  atiacnment,  and  control  2  by  deflection  in  the 
opposite  cusp.  The  two  controls  combine  to  give  a  signal  at 
output  1  as  above. 

The  elimination  of  lead  sensitivity  has  been  a  major 
problem  in  the  design  of  wall  attachment  devices,  since  it  it. 
impractical  to  design  interconnecting  imp adar.c&s  for  eai h 
separate  case.  Consequently,  most  wall  attachment  ele¬ 
ments  are  vented  or  bled  off  to  a  suitable  sinV  so  that  ovi* 
an  appreciable  operating  range  each  element  is  automati¬ 
cally  m.-'  o'.,'d  to  its  applied  load.  Th:s  apyoach,  although 
inefficient  ir.  terms  of  input  fluid  power  considerations,  is 
quite  adequate  in  many  circuit  applications  where  total 
fluid  power  is  not  critical.  The  configurations  shown  in 
Figure  16.4.2-  are  representative  of  the  many  methods 
utilized  to  decrease  Toad  sensitivity  in  a  wall  attachment 
device. 

The  size  of  a  wall  attachment  device  with  a  given  aspect 
ratio  is  establish' d  by  the  width  of  the  power  nozzle,  i.e.,  a 
10-mil  element  refers  to  one  which  has  a  pi—er  nozzle 
width  of  0.01 3  inch.  All  of  the  internal  amplifier  dimen¬ 
sions  are  then  defined  as  ratios  of  the  power  nozzle  width. 
These  devices  are  normally  designed  with  aspect  ratios 
(height  to  width  ratio  of  the  power  nozzle)  from  1:1 
to  4:1. 

In  cons.dering  wall  attachment  amplifier  pt-iformance, 
variation  of  the  size  (in  the  range  from  10  to  25  mils)  or 
variation  of  the  aspect  ratio  (in  the  range  of  1:1  to  4:1) 
does  not  appreciably  effect  performance.  The  following 
performance  figures  are  based  on  air  data;  however,  present 
data  indicate  that  performance  with  water  or  other  low 
viscosity  liquid  should  be  similar  except  that  time  response 
may  be  considerably  lower. 

Response  time  of  a  digital  element  is  defined  as  the  time 
delay  between  the  application  -of  an  input  signal  and  the 
resulting  change  of  output  signal  when  the  device  is 
subjected  to  a  step  input  large  enough  to  switch  the  flow. 
The  load  must  be  specified  if  the  element  is  load  sensitive. 
Changes  in  design  and  operating  conditions  will  affect  the 
switching  speed  of  elements,  but  typical  response  times  for 
small  wall  attachment  elements  range  from  0.1  to  2 
milliseconds.  Faster  switching  speeds  have  been  achieved 
with  high  supply  pressures  (50  psig)  and  with  geometries 
which  produce  instabilities;  however,  this  is  achieved  at  the 
expense  of  power  consumption  and  reliability. 
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Figure  16.4.2b.  Effect*  of  increeeinq  Dimension*  of  Well  Attachment  Device 
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Figure  16v»ja.  Wall  Attachment  Logic  Elements 
(Reference  131-40) 


Figure  18.4J2e.  Methods  of  Reducing  Load  Sensitivity 
(Reference  131-40) 


Response  times  of  0.5  to  1  millisecond  are  state  of  the  art 
for  10-mil  elements.  With  more  efficient  element  geome¬ 
tries,  the  response  time  of  a  10-mil  element  should 
eventually  decrease  to  about  0.2  millisecond.  However,  it 
must  .be  kept  in  mind  that  response  time  is  strongly 
influenced  by  the  transport  delay.  Which  is  the  interval 
between  the  issuance  of  a  particle  of  fluid  from  the  .control 
port  tnozzle  and  the  arrival  of  the  particle  at  the  output  of 
an  element 

Power  recovery  in  nonvented  wall  attachment  devices  is 
presently  a  maximum  of  about  50  percent  at  a  pressure 
recovery  of  60  percent.  Maximum  pressure  recovery  is 
about  85  percent  at  low  flow  recovery,  and  maximum  flow 
recovery  is  about  90  percent  at  low  pressure  recoveries. 
Typically,  for  state  of  the  art  vented- wall  attachment 
devices,  pressure  recovery  is  about  50  percent  at  near-zero 
output  flow  and  flow  recovery  is  about  85  percent  at 
r  Tar-zero  output  pressure. 

Fan-in  capability  of  wall  attachment  devices  is  limited  by 
the  configuration,  he.,  there  is  a  practical  limit  to  the 
number  of  control  input  ports  Which  -can  be  present  in  -the 
interaction  region.  A  fan-in  of  four  is  considered  state  of 
the  art,  and  potentially  this  should  increase  to  about  eighty 

Fan-out  is  defined  as  the  number  .of  digital  elements  Which 
can  be  controlled  from  the  output  of  a  single  identical 
riament  'operating  at  .a  common  power  nozzle  pressure. 
Fan-out  of  up  to  16  (Reference  5SS5-T)  has  been  reported; 
however,  present  practical  fan-out  capability  is  2  to  6. 


Typical  pressure  and  flow  gains  range  from  1  to  15, 
depending  on  fan-out.  Control  pressures  of  2  to  15  percent 
■of  supply  pressure. are  normally  required  to  switch  a  device. 
However,  switching  pressure  can  increase  about  50  percent 
with  increase  in  fan-out  from  1  to  4.  Present  state  of  the  art 
for  a  10-mil  element  is  a  switching  pressure  5  to  10  percent 
of  supply  for  a  fan-out  of  1.  The  performance  of  bistable 
wall  attachment  devices  is  summarized  in  Table  16.4.2. 
Typical  performance  curves  of  three  commercially  available 
will  attachment  elements  are  shown  in  Figures  16.4.2f, 
16.4. 2g,  and  16.4.2h. 


16.4.3  Beam  Deflection  Amplifier 

Of  the  many  possible  types  of  proportional  fluidic  ampli¬ 
fiers,  -the  beam  deflection  amplifier  is  the  most  widely  used. 
There  are  several  practical  -easons  for  this,  but  the  most 
important  are:  better  technical  design  information  available 
ia  the  current  literature  and  the  advantages  provided  by  a 
two-dimensional  planar  configuration.  This  planar  configura¬ 
tion  makes  it  easier  to  bold  the  tight  tolerances  required, 
provides  the  simplest  method  of  cascading  amplifiers  for 
high  gain,  and  facilitates  the  development  of  practical 
integrated  circuits.  The  beam  deflection  amplifier  fulfills 
-many  critical  system  functions  and  is  particularly  suited  to 
proportional  control  functions  such  a*  sensors,  stabilization 
systems,  speed  control,  temperature  control,  pressure  con¬ 
trol,  and  analog  computation. 
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Table  16.4.2.  Mkhimn  of  Bistable  Mail  Attachment  Devises 

(R*Hnnc»  131-40) 


Parameter 

Performance 

Range 

Bower  nozzle  cite  (mil) 

6-40 

Aspect  ratio 

0.8-4 

Supply  pressure  (peig) 

0.1-40 

Switching  pressure* 

(%  of  supply) 

6-16 

Fan-in 

1  —4 

Fan-out 

1-6 

Nonvented  devices: 

Pressure  recovery 
•t  Q0  -  0  (%) 

60 

Mow  recovery 
at  P0  -r  0  (%) 

70 

Power  recovery  (%) 

40 

Vented  devices: 

Pressure  recovery 
•tQo-0<%) 

25-40 

Flow  recovery 
atPc  ■+  0(%) 

40-70 

Power  recovery  (%) 

o 

P’J 

1 

o 

©6 

Pressure  gain 

1-16 

Flow  gain 

5  —  20 

Reeponas  time 
(milliseconds) 

O 

M 

1 

‘For  fan-out  of  1,1.#.,  with  th#  control  po.t  of  an  identical  d#vic« 
u  a  lo«d. 


In  tha  baam  d#fl action  device  (Figure  16.4.3a),  tha  juppiy 
jat  emerges  and  flow#  across  the  interaction  region  and  is 
dhridad  at  (ha  ip  litter.  Whan  than  ia  no  control  flow  or 
whan  tha  control  pnaattna  and  flow#  an  aqual,  tha  aupply 
jat  ia  not  deflected  (i.a.,  ramalna  axially  centered)  and  aqual 
flow*  iaaua  from  aach  output  port.  Control  flow  ia  dlraetad 
into  tha  intaractlon  ragion  from  noxalaa  on  aach  aid#  of  tha 
r  pply  jat  and  approximately  parpandicular  to  lta  oenter- 
lina.  If  ona  control  forca  ia  mada  gnatar  than  tha  other,  tha 
aupply  jat  la  daflactad  away  from  tha  centerline  In  tha 
direction  of  tha  weaker  forca  and  a  gnatar  portion  of  tha 
Jat  enter#  tha  output  receiver  on  that  ride.  If  the  amplifier  ia 
properly  deeigned,  tha  change  in  output  power  ia  gnatar 
than  tha  change  in  input  control  power. 

Tha  deflecting  forca  of  tha  control  strewna  may  be  either  a 
pressure  force  or  a  momentum  forca;  both  force#  an 
pmeent  to  aoma  degree  in  all  baam  deflection  ampllfie.e.  In 
general,  momentum  force#  predominate  whan  tha  control# 
ura  aet  back  aa/aral  aupply  notale  width#  from  tha  supply 
jat,  and  tha  pressun  forces  predominate  when  tha  control 
nossle  la  does  to  tha  edge  of  tha  supply  strnam. 


As  the  supply  jet  proceeds  through  tha  Interaction  region, 
tha  shape  of  its  velocity  profile  becomes  approximately 
Gaussian,  and  the  control  jat  flows  do  not  appreciably  altar 
Its  shape.  As  tha  supply  jat  moves  further  downstream,  tha 
pro  fils  broadens  and  deer  eases  in  centerline  velocity.  At 
sema  distance  downstream,  tha  resulting  Jit  stream  is 
divided  and  collected  in  tha  output  a  part  urea.  There  is  an 
optimum  nsc  and  position  for  the  output  apertures.  They 
must  be  far  enough  downstream  to  taka  full  advantage  of 
tha  supply  jet  deflection,  and  far  enough  upstream  to 
raoorar  an  appreciable  portion  of  tha  supply  jat  pressure. 
Typically,  in  a  nonvented  amplifier  without  a  oenter  dump, 
tha  output  apertures  are  located  about  10  power  nasals 
widths  downstream  and  are  about  1.6  noaala  widths  wide. 

For  proportional  (mention,  beam  deflection  devices  are 
specifically  designed  to  prevent  wall  attachment.  This  la 
dona  by  omitting  adjacent  walls  in  the  vicinity  of  the 
supply  nonle,  as  shown  in  Figure  16.4.3b,  The  slums  end 
dimensions  of  the  cutout  areas  also  havs  considerable 
Influence  on  the  performance  of  the  amplifier.  Any  fluid 
not  ooUactcd  in  the  outputs  can  be  reflected  from  the  walls 
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Flgunt  1&.4.3b  Proportional  AmplH*ar  -  Interaction  Region  Shape* 

(Reference  131-40) 

o'  th«  cutout  back  toward  the  aupply  jet  to  produce  a 
feedback  effect,  which  could  result  in  unstable  operation, 
oecillation,  and  reduced  gain.  In  vented  amplifiera,  the 
cutout*  on  both  aidea  are  vented  to  atmoaphere  or,  in  aome 
caaer,  to  a  constant-p-esgure  reservoir.  Thia  tenda  to 
equalize  the  static  pressure  across  the  supply  jet  down¬ 
stream  of  the  interaction  region,  and,  since  the  venting 
region  is  always  at  a  relatively  constant  pressure,  it  also 
provides  overflow  ports  for  the  excess  fluid  in  the  supply 
stream  and  for  back  flow  due  to  output  port  loading  In  the 
clocsd  beam  deflection  amplifier,  although  there  are  no 
vent  ports,  the  side  chambers  „re  still  connected  together  to 
equalize  the  pressure  across  the  power  jet.  Without  vents, 
all  of  the  flow  must  leave  through  the  output  ports,  raising 
the  pressure  in  the  side  chambers,  in  the  interaction  region, 
ex.,  so  that  with  r  blocked  load  the  device  no  longer 
functions. 

The  vented  beam  deflection  amplifier  overcome*  many  of 
the  shortcomings  of  the  dosed  amplifier  in  that  it  provides: 
higher  pressure  gain,  the  ability  to  operate  with  blocked 
loads,  end  stability  uniter  most  load  conditions.  Many  of 
these  amplifiers  also  utilize  a  vent  (center  dump)  between 
the  two  output  porta  (Figure  16.4.3c).  Sinew  a  eariudinhle 
segment  of  the  higher  velocity  portion  of  the  supply  jet  is 
vented  out  the  center  dump,  the  pressure  gain  and  pressure 
recovery  of  the  center  dump  amplifier  are  somewhat  1«  v 
than  the  standard  vented  design,  iowever,  the  center  du.rp 
provides  several  advantages,  including,  increased  stability 
with  blocked  loads  and  repeatable  sere -balance  conditions 
(differential  output  pressure  equal  to  zero)  over  a  wide 
range  of  power  jet  pressure,  which  is  a  necessity  in  high-gaiu 
staged  units. 

The  size  of  beam  deflection  amplifiers  is  determined  by  the 
width  of  the  power  nozzle  and  the  aspect  ratio.  All  o i  the 
irxtr»na!  amplifier  dimensions  are  then  defined  as  ratios  of 
the  power  nozzle  width,  as  in  wail  attachment  devices. 
Normally  these  device*  are  nude  with  an  aspect  ratio  of  1 
to  2  for  best  performance. 


OUTPUT  OUU’iT 


Figure  18.4.3c.  Canter  Dump  Proportional  AinpiiViar 


The  operating  performance  of  an  amplifier  it  generally 
described  by  gain,  bandwidth,  efficiency,  and  sijjnal-to- 
noire  ratio.  Pressure  gain  is  usually  the  parameter  of  general 
interest,  but  it  should  be  understood  that  maximum 
pressure  gain  ia  achieved  at  the  expense  of  flow  gain,  power 
gain,  linearity,  etc.  Consequently,  a  uaeful  amplifier  must 
be  a  compromise  among  all  these  parameters.  The  present 
theoretical  maximum  pressure  gain  of  a  beam  deflection 
amplifier  is  about  20,  presuming  all  the  control  energy  is 
converted  intc  momentum  flux  and  the  p  iwer  jet  is  at 
near-zero  position.  When  the  control  pressure  forces  are 
included,  the  pressure  gain  should  increase  substantially, 
however  s  maximum  has  not  been  established.  Flow  gain  ir. 
beam  deflection  amplifiera  depends  on  a  number  of  things, 
including  ths  downstream  distance  and  width  of  the  output 
apertures,  output  loading,  and  control  bias  level.  Normally, 
flow  gain  ranges  from  shout  2  to  10,  depending  on  bios 
level  end  loading. 

Signal  t  j-noise  ratio  is  perhaps  the  most  important  criterion 
in  beam  deflection  amplifiers.  In  most  designs,  pressure  gain 
is  usually  sacrificed  in  favor  of  reduced  pressure  noise.  A 
signal- io-noioe  ratio  of  greater  than  100  should  be  sought  in 
high-power  single-stage  amplifiers  anu  as  high  as  possible  in 
elements  suitable  for  staging  (200  to  400  has  been 
achieved).  In  staged  high  gain  amplifiers,  noise  it  influenced 
by  power  jet  pressures,  interconnections,  output  loading, 
vent  configurations,  and  many  other  criteria.  Consequently, 
it  ia  necessary  to  use  integrated  circuits  when  interconnect¬ 
ing  beam  deflection  amplifiers  to  achieve  hich  gain,  because 
interconnection  by  conventional  means  (tubing)  ia  not 
practical. 
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INPUT  CHARACTERISTICS 


GAIN  CHARACTERISTICS 


Sl.PPRV  PRESSURE  -  FLOW  CHARACTERISTICS 


outline  dimensions 


CONSTRUCTION 

POWER  NOZZLE  -  O.OJO  IN.  'QUARE. 

ELEMENT  MATERIALS 

LAMINATIONS  -  STAINLESS  STEEL 

COVER  AND  SA5E  -  ALUMINUM  (ANODIZED  I 

FITTINGS  -  STAINLESS  STEEL 

ALSO  AVAILABLE  WITHOUT  TUI'CG  FHT.NGS  FOR  MANIFOLD  MOUNTING. 


ftfuro  '6.4.3d.  MorM  AW32  PropRMtkwwl  Amp Wwimwot 

(Courmy  of  Qomra>  £kttric  Comps  w,  Sehonocud?.  Now  York) 
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vXlI'DI  CHARACTERISTICS 


INPUT  -  OUTPUT  CHARACTERISTICS 


SUPPLY  PRESSURE  -  FLOW  CHARSCTSRISTICS 


P,,  PbIG 


INPUT  CHAhACTERISTIC! 


OUTLINE  DIMENSIONS 


THE  POWER  NOZZLE  IS  0.020  IN.  SCUARE, 
ELEMENT  MATERIALS  ARE: 


LAMINATIONS  •  STAINLESS  STE*L 
COVER  AND  RASE  -  ALUMINUM  (ANODIZED) 

FITTINGS  -  STAINLESS  STEEL 

ALSO  AVAILARLE  WITHOUT  TURING  FITTINGS  FOR  MANIFOLD  MOUNTING. 


Kiyur*  1i>.4.3*.  Modal  AW32  Waadflar  ParformanoR 

(Courtaty  of  Oanoral  E be  trie  Company,  Schanactady,  Naw  York) 
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The  present  #Ute  of  the  art  performance  of  beam  deflection 
amplifiers  is  uinmariaed  In  Table  16.4.3.  Typlca'  perform¬ 
ance  curves  of  throe  commercially  available  amplifier*  are 
chown  in  Figures  16.4. 3d  through  16.4.3f. 


TaMe  16.4.3.  Perten wanes  ef  tfaem  Dsflestien  Prseertlaivl 
Amplifier* 

(Rtffoct  131-401 


Parameter 

Perforrvance 

Range 

Power  nossle  siav  (mil) 

6-40 

Aspect  ratio 

1  -3 

Supply  pressure  (paig) 

Pressure  gain: 

0.1  -  100 

No  load 

2-15 

With  equivalent  load 

1  -  10 

With  aignal-to-noias 
ratio  >100 

1  -8 

Flow  gain 

10 

Power  gain 

50  -  100 

Pressure  recovery 

rt  Q„  -  0  (%) 

36 

Flow  recovery 
•tP,  -*  0  (%) 

40 

Power  recovery  (%) 

20-30 

Linearity  of  best 
straight  line  (%) 

2-5 

Linear  range  of  supply 
prsssi  re  (%) 

*2f 

Maximum  range  of 
auppiy  pressure  (%) 

430 

Operating  frequency- 
«M(kc) 

0-2 

16.4.4  Vortax  Devices 

The  common  amplification  mechanism  which  is  responsible 
for  the  operation  of  vortex  d  vices  ia  the  conservation  of 
angular  momentum.  This  amplification  takes  place  in  a 
•hallow  two-dimensional  vortex  chamber,  as  shown  in 
Figure  16.4.4.  As  discussed  in  Detailed  Topic  16.4.1.3, 
swirl  is  imparted  to  a  radial  supply  flow  by  a  tangential 
control  jet  which  is  introduced  at  the  periphery  of  the 
vortex  chamber.  The  amount  of  swirl  and  the  method  used 
to  generate  it  depend  on  the  particular  vortex  device  uardL 
As  the  flow  proceeds  toward  the  center  of  the  vortex 
charmer,  the  tangential  velocity  of  a  fluid  molecule  (Figure 
16.4.4)  must  increase,  since  angula-  momentum  must  be 
conserved.  The  velocity  increase  is  inversely  proportional  to 
the  radial  location.  If  the  ratio  of  the  outer  to  inner  radius 
»  very  large,  the  corresponding  increase  in  the  tangential 


velocity  will  also  be  great.  In  practical  vertex  devices 
operating  on  real  viscous  fluids,  tbs  maximum  amplification 
la  limited  bj  nonlinaaritiea  within  the  flow  field.  One  of  the 
more  important  flow  distortions  ia  caused  by  the  degrada¬ 
tion  of  the  tangential  velocity  in  the  boundary  lay«*  at  the 
end  walla  of  the  vortex  chamber.  Savlno  and  Keahocfc 
(Reference  241-14)  describe  the  nonlinear!; ties  in  tha  vortex 
flow  field  on  the  basis  of  detailed  velocit  y  profile  measure¬ 
ments.  At  high  tangential  velocities,  the  iiow  is  carried 
through  the  vortex  chamber  mainly  along  the  cover  plates 
and  a  recirculation  flow  takes  place  In  the  center  of  the 
dtamber.  'The  Clow  leaves  the  chamber  through  the  exit 
poit  or  sink. 


Pigure  164.4.  TWe-Olmsnaional  Vortex  Chamber 

{ Court* v  of  Bondix  Rotmorch  LMtorxtcrHm,  South  fidd,  Mic'.igtn) 

Hie  line  sink  ia  a  line  into  which  fluid  ia  flowing;  in  a 
practical  saner  it  is  *  flnite-sist-  sink  (output  port)  instead  of 
a  line.  Tha  fact  that  reel  flow  cannot  disappear  at  the  sink 
and  must  be  discharged  in  the  axial  direction  causes  many 
three-dimensional  problems  which  have  been  studied  by 
Donaldson  and  others  (Reference  771-3).  This  three- 
dimensional  aspect  tha  flow  field  results  in  much 
analytical  difficulty.  ~mce  flow  nonlinear! ties  ere  extremely 
d'fflcult  '  i  describe  mathematically,  articles  on  vortex 
analysis  are  usually  baaed  upon  many  simplifying  assump¬ 
tions.  Sub-Topics  16.4.4.1  and  16.4.4.2  have  been  adapted 
from  a  paper  by  B.  A.  Mayer  (Reference  760-1). 

14.4.4.1  VORTEX  DIODE.  One  of  the  simplest  flow 
control  devices  ia  tha  halt  check  valve,  which  doses  off  the 
flow  stream  when  flow  is  in  one  direction  and  move*  out  of 
tiie  flow  path  where  flow  ia  i;i  the  opposite  direction.  In  a 
device  that  has  no  moving  parts,  it  ia  easy  to  keep  the  flow 
resistance  low  in  one  direction,  but  quite  difficult  to 
provide  high  resistance  in  the  opposite  direction  without 
continued  venting  of  fluid.  The  vortex  diode  (Figure 
16.4.4.1)  has  a  circular  chamber  with  a  tangential  inlet  and 
an  txial  sink  for  flow  in  the  high  resistance  direction.  Flow 
through  the  tangential  inlet  produ  ces  a  high  pressure  loss 
because  of  the  swirling  flow  in  the  vortex  chamber.  In  the 
opposite  direction,  flow  enters  through  the  axial  sink  and 
passes  through  the  vortex  chamber  without  swirl,  so  that 
the  pressure  loss  it  much  lower.  The  most  common 
performance  index  for  a  fluidic  diode  iith  ratio  of  flow  in 
the  easy  direction  to  the  flow  in  the  high  resistance 
direction  measured  at  a  given  upstream  pressure.  These 
devices  are  present!*-'  limited  to  a  flow  ratio  of  leas  than  10. 
The  moat  common  flow  ratio  is  in  the  range  of  3  to  6.  Haim 
reported  a  flow  ratio  of  6.6  which  was  achieved  by  careful 
•haping  of  the  tangential  inlet  port  to  the  vortex  chamber 
(Reference  771-3).  In  spite  of  the  low  flow  ratios,  the 
vortex  diode  has  been  found  useful  in  many  applications 
where  a  flow  ratio  of  3  has  been  sufficient. 
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Figure  It 4.4.1.  VwMk  Dkxia  -  High  Real Mem  Fww  Direction 

14.4.4.1  NONVENTED  VORTEX  AMPUPIER.  Thu 
vortex  amplifier  in  iU  ilmplnt  form  k  known  at  i 
non  vented  vortex  amplifier.  At  shown  in  Figure  14.4.4.1*, 
it  it  timilar  in  construction  to  the  vortex  diode,  except  that 
a  third  opening  hat  been  added  for  a  supply  Mr  earn.  L  thk 
form,  the  vortex  amplifier  can  be  eeaily  oonftructed  in  a 
two -dimensions  I  configuration,  and  although  performance 
ie  not  optimiMd,  it  la  adequate  for  many  applications. 

A  beaic  problem  with  the  dngie  eupply  and  aingle  oontrol 
lb.it  (Figure  16.4.4.1a)  ie  the  eeymmetty  of  J»e  device.  By 
introducing  the  eupply  floe/  around  the  circumference  of 
the  vortex  chamber  in  a  “button"  configuration,  aa  ehoem 
In  Figure  16.4.4.1b,  oontrol  Sow  can  be  introduced  at 
several  pointe  to  enaute  axisynime*ric  mixing  of  the  eupply 
and  control  flow*.  It  k  important  to  note  that  the  control 
porta  mu  at  fcc  within  the  eupply  flow  annnlua  to  prevent 
the  oontrol  momentum  from  being  dissipated  by  e  free 
expanaion  into  the  vortex  che Tiber  before  mixing  occur*. 
Thie  device  k  rather  complex  end,  consequently,  rather 
dlffic'ilt  to  make  except  in  a  three-dimensional 
configuration. 


Figure  «MA2a 

ICottrtmy  of  Bandtu 
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Vertax  i 

Laboratortat.  Southftofd.  Mtettipan! 


>TNT«Ol  HOW 
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ANNULUS 


I  Vertex  AmpHNer  - 
Button  Configuration 

(County  of  Gaoarat  Bloc  trie  Company.  Sebanac  tatty.  At.  Y) 


Perhaps  the  moat  practical  oomprondae  k  the  duel-inlet, 
dual  control  configuration  vend  (Jy  Oenaral  Electric  (Figure 
16.4.4.1c).  Performance  of  the  device  k  almost  a*  good  ea 
the  button  configuration,  yet  It  can  be  mad*  in  a 
two-dimensional  configuration.  The  tvo  oontrol*  and  two 
supplies  can  be  connected  externally  or  manifolded  to¬ 
gether  in  e  oover  plat*. 


The  duel-exit  nenventod  vortex  amplifier  (Figure 
16.4.4.14)  wee  introduced  by  the  Bendix  Corporation.  Dual 
exits  (.vovide  an  increase  in  performance  of  about  70 
percent  over  a  tingle  exit  vortex  amplifier,  i.e.,  the 
maximum  flow  capacity  ^f  the  amplifier  k  increased  70 
percent  with  identical  oontrol  flows.  The  primary  reason  k 
that  with  the  eetabihhnient  of  rvortex  in  thu  qrin  chamber, 
the  core  region  has  a  static  pressure  which  k  nearly  aaro 
irrespective  of  the  number  of  output  porta.  For  optimum 
performance,  the  output  ports  ere  normally  of  different 


VORTEX 

CHAMFER 


CONTROL 


Figure  164.4.2d.  Dual  Exit  Non  vented  Vortex  AmpIMar 

(County  of  Oanaral  Etactuc  Company,  Cchat^etady.  N.  Y.) 


ISSUED:  FEBRUARY  1970 


16.4-15 


VORTEX  AMPLIFIER  PERFORMANCE 


FLUIDIC  DEVICES 


Two  types  at  pari arm* hoi  mini  cm  Pa  uaad  to  Aacribi 
the  tyt/nityiil  cbaraotetlaUc  at  the  aonuanUd  ratM 
amp Um:  the  coulMt  Mpfijr  pnam  turn  ui  tho 
eoMUit  control  praam**  curve  Tba  curves  ia  P||wt 
1C. 4. 4. la  drow  tla*  fiow-iuradowa  eharaotarfctJea  at  the 
aouvaatad  aorta*  vapliflar  Cor  ancnl  nlua  of  aniaijf 
praaNT*.  The  characteristic  curves  (al  lot  or—  two  limiting 
anwlopa  0*11000:  the  auliwai  flow  curve  at  am  tingen- 
tiai  coafaot  flow  and  tka  ariatnao  flov:  oura  cowwpon4- 
ktj  to  aaro  auppljr  flow.  Aa  mk  tangential  flow,  tha  nutlet 
ftov  ia  amxirauiu  and  foiowa  twM  orifice  flow  aa 
datarailaad  by  tht  oaSlat  ©r'floe  of  flea  tapllte.  fbaaaure 
lr  aaaa  within  tbo  aagUflar  a  aa^lpIMi  for  this  ooaditioa, 
It  ooatrol  pwaaaia  ia  agptlao  and  tba  auppty  prewar*  k  at 
aooaa  oooataot  <ahat,  r(,  tbc  control  aljpial  cttaaaa  flow 
whhta  tbo  oh  a  nab  ar  to  aalri.  Aa  tba  eootrai  pcaaaaa  ia 
Irnraaaaii,  tbo  taugaatkl  aochal  flow  lapaiti  pwiiar  awtrt 
to  tba  flow  thruuk  tba  unpUAar,  sad  tba  Uoraaolrv* 
pram  to  loaa  thioapi  tba  rartn  flow  field  reduces  total 
flow  through  tba  aatplifiar.  Miukaun  flow  ocean  at  tba 
polat  of  aaro  aaapijr  flow;  at  that  potat,  aJ  of  tba  flow 
paadag  through  tha  non  van  tad  nontax  aaapliflar  ia  tuppUad 
.torn  tba  ooatrol  port.  Itaoauaa  tbaaa  darioao  can  act 
wwplataly  eliminate  wtlat  flow,  tba  uaa  of  aoaveated 
aorta*  amplifier*  b  limitad  to  applications  not  requiring 
ooarplets  flow  abutoff. 


Naiwaatad  Vertex  Amahftar 

ICourtm/  of  Pandit  tlaaoarcH  LaOoratohm.  Multuaid  Mxtuttn) 

Tba  ooootaet  ooatrol  praaaura  characteristics  chown  in 
Figure  16.f.4.1f  ara  alao  bounded  by  tha  Maximum  and 
minimum  flow  curma.  Tba  ooanteat  control  praaaun  curve* 
for  urn  nonvan  tad  vortex  amplifier*  du>w  negative  iners- 
mantal  raalatance;  in  thoaa  came,  a  mail  Inrrmac  ia  tha 
■uppiy  praaaura  radueaa  tha  outlet  flow  through  tba 
amplifier.  Negative  reaietmoe  ia  undadrable  ia  flow  oontroi 
applicationa  but  ia  uaaful  in  vortax  aeri&ato*  circuit*  A 
rimpler  and  mot*  widely  uaad  parformaaoa  rritorioa  for 
non*  en  tod  vertex  ampliflara  ia  tba  turndown  ratio,  rhh  b 
defined  aa  the  ratio  of  tha  uuxinKa  and  minimum  outlet 


flows  at  a  constant  mppty  praaaura.  At  maxima  w  outlet 
flew,  dr,,  She  oontroi  praaaura,  Pc,  ia  graatalhr  auuai  to  or 
Uaa  than  tba  supply  praaaura,  P,,  sad  aormafly  tba  supply 

flow,  w„  b  aero  at  miukauz:  flow. 


Turndown  Rutin 


+.  (whan  Pc<  P,) 

v,  (whan  "  6) 


P  »  coaataat 


NpulMAlf.  rawest  Camrat - r  1  mm  iiln  it 

(Comtaar  o4  Ban**  Bataan*  tdaowriu.  SacahAaW,  Wchipan) 

A  aoaveated  vertex  aamUfler  oaa  ha  optbalaaJ  tor  maxi 
autaa  turndown  by  utdialag  rrlathply  auaal  ooatrol  pert 
■f**'  “•I  cbaiabar-towutlat  hole  diameter  ratios  of  Uaa 
*  ******  byateratic  dsvioa  wii  remit. 
Nome!  uaaful  dadpae  ara  aonhyrtscctic  with  -In Imam 
aolas  fat  tba  high  pda  region.  To  aoooapIMh  tfck: 

1)  Ouabar  to  outlet  hole  diameter  ratio  it  usually 
between  R  aad  IX. 

*)  Outlet  Kola  to  control  port  arm  afcoifild  ba  about  S. 

8)  rhamhar  laagth  la  uaaahy  praatar  than  oaa-baif  tba  exit 

dcii  atauRf, 


la  addition  to  the  phyakri  eoaflgaration  of  tba  mniTiali  il 
aortax  tmpliAar,  tba  turndown  ratio  ia  affacted  umdfl 
eaatty  by  tba  da*  of  tha  ooatrol  part  aa  shown  in  Figaro 
16.4.4.%  for  oaa  amplifier  configuration.  Tba  indicated 
daerandag  turndown  ratio  for  a  oondaat  ooatrol  flow 
ramlta  from  tba  reduction  la  fluid  vulodty  at  tba  ooatrol 
p  jrtu  when  larger  control  port  areas  ara  used. 


tfe#  ooatrol  btumn  nut  be  hlybn  Uum  Hw  maBlv 
praaaura,  a  aonucatad  vortex  an^UfUrmnnot operated 
niN  Una  prraaur*  oa  its  load  ualaaa  a  separate  high  premaro 
ooateol  aoaroa  ia  avaiabla.  An  important  criterion  often 
ovariookad  wSao  pacifying  amplifier  partdraaaaea  ia  the 
eoatrol  t?  supply  priauari  ratio  at  maximum  turndown 
(*h**w*  **  0\  thii  ratio  varies  from  about  1.05  to  8, 
dopanding  oa  bow  tbs  *mpttAar  b  optbntoad  Bemuse  of 
the  Unportenoa  cf  tha  ooatrol  to  supply  pwasra  ratio, 
non  mated  amplifier  performance  k  widely  published  aa  a 
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Piques  1W4.4  New  Tumdwwi  at  a  Function  srf  ftststtvs  Control 
MHO 

(Courtesy  cf  Sandi*  Research  Labtsetories,  South  Held.  Michigan) 

function  of  the  normal  lied  output  flow  (output  flow/ 
maximum  supply  flow)  and  thu  normalised  control  premure 
(control  pressure /supply  pressure).  The  normalised  per¬ 
forms  noi  curve  of  a  commercially  available  amplifier 
illustrates  thin  point  (Figure  16.4.4. Sh).  The  performance 
curve  is  generally  drawn  for  a  constant  supply  pressure. 
However,  nonvented  vortex  amplifier  performance  is  quite 
insensitive  to  fluid  density,  so  Wat  whan  the  output  port  is 
sonic  throughout  the  operating  range,  one  normallr  -d  curve 
will  accurately  define  performance  over  a  wide  range  of 
i*upply  pressures. 


Naurs  M4  4Jh.  HuvseSsS  Vortua  AmpUfisr  Nomullasd 
Farter msn os  Ohorsossrtsric 

(Courtesy  of  Oaneraf  £  Metric  Company,  Schenectady,  New  York) 


number  of  oontrol  novtles  ere  also  required  *o  ensure 
minimum  pressure  drop  and  uniform  mixing  in  me  vortex 
chamber. 

A  nonvented  vortex  amplifier  can  operate  with  any  type  of 
fluid.  It  has  been  used  with  gases,  water,  hydraulic  fluids, 
liquid  propellants,  and  liquid  metals.  The  most  efficient 
operation  Is  obtained  with  low  viaooalty  fluids  such  as  sir 
end  water;  modulation  range  I*  reduced  with  the  higher 
viscosity  fluids.  Units  have  been  built  In  aiaes  ranging  fi  urn 
0.072-inch  to  6-inch  chamber  diameter. 

One  type  of  nonvented  vortex  amplifier,  the  vortex 
throttle,  utilises  u  gas  to  control  fluids  such  as  water  or 
liquid  propellant)..  Turndown  ratios  of  up  to  50  can  be 
expected  with  the  vortex  throttle.  This  device  aho.ild  find 
wide  Application  in  liquid  throttling  applications  where  the 
mixing  of  small  percentages  of  gas  with  the  controlled 
liquid  is  either  beneficial  or  at  least  not  drVimuntal.  For 
instance,  low  molaculur  weight  geaes  have  been  u/sd  to 
stabilise  combustion  in  several  small  deep-throttling  bipro¬ 
pellent  rocket  engines. 


TaMa  11.4.0.  Neihyrkiuilt  Vartan  Valve  Parformanaa 

(Courtesy  of  Bendl/t  Ratcsch  Laboratories,  Southfield, 
Michigan) 


Turndown  Ratio 

Fluid 

V's 

Single 

Exit 

Double 

Exit 

Air 

1.05 

2.5 

4* 

Air 

1.2 

5.5 

8 

Air 

1.5 

8 

11 

Air 

2 

9 

12* 

Water 

1.06 

U 

U 

Water 

1.2 

7 

U 

Water 

1.5 

10 

0 

Water 

2 

12 

u 

1 

Hydraulic  Oil 

(i«UAT44'VVVU  j 

1.05 

2.36 

3.02 

Hydraulic  Oil 
(MIL-H-6606) 

1.2 

4.7 

6.08 

Hydraulic  Oil 
(MIL-H-6606) 

1.6 

7.46 

9.55 

Hydraulic  OU 
(MIL-H-5606) 

2.0 

10* 

13* 

U  -  Information  presently  unavailable. 
*  -  Predicted  from  experimental  data. 


Preamt  son  vest  ted  vortex  amplifier  performance  is  sum¬ 
maries  d  in  Table  16.4.4.2.  Amplifier  chamber  diameters  are 
assumed  to  be  about  1  inch.  Wal  effects  become  a  factor 
bstow  a  chamber  diameter  of  1  inch  and  performance  will 
be  lower  than  estimated  in  the  taele.  The  outlet  orifice  is 
also  presumed  to  be  sonic,  although  performance  will 
improve  somewhat  with  a  subsonic  orifice.  A  sufficient 


16.4.4.3  VENTED  VORTEX  AMPLIFIER.  The  non¬ 
vented  vortex  amplifier  has  a  limited  range  of  flow 
modulation.  To  overcome  this  limitation,  a  vented  vortex 
amplifier  utilises  a  receiver  tube  which  is  located  end 
displaced  axially  away  from  the  vortei  chamber  outlet 
orifice  as  shown  in  Figure  16.4.4. da.  With  no  control  flow 
to  the  vortex  amplifier,  the  flow  exiting  from  the  vortex 
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chamber  la  in  the  form  of  a  weU-daftncd  axial  jet.  Ttiia  flow 
is  recovered  in  the  receiver  tube,  and  the  recovery  charac- 
teriaUc  la  aimilar  to  that  achieved  in  the  receiver  of  a  jet 
pipe  valve.  Aa  control  flow  ia  applied,  a  vortex  ia  generated 
and  the  flow  out  of  the  exit  orifice  forma  into  a  hollow 
conical  shape  auch  that  aome  of  the  flow  ia  diverted  to  the 
exhaust.  When  a  aufflciently  strong  vortex  ia  generated,  all 
of  the  exiting  flow  fane  out  to  miss  the  receiver  tube.  This 
then  producea  a  diverting  action  with  full  modulation  of 
the  receiver  flow  down  to  aero. 


MAXIMUM  CONTROL  HO'V 


t  Tguie  16.4.4.3a.  Vented  Vortex  Amplifier  Operation 

(Courtesy  of  Bendix  Rest’arch  Laboratories.  Southfield.  Michigan ) 

The  vented  vortex  amplifier  ia  often  used  as  a  pressure 
amplifier  (Figure  16.4.4.3b).  For  rhie  application,  the 
diameters  of  the  voiiex  chamber  outlet  ho!*  xnd  the 
receiver  tube  are  about  the  same,  and  the  receiver  ia  usually 
located  approximately  one  tube  radius  axially  downstream 
of  the  chamber  outlet.  The  gain  and  efficiency  of  the 
receiver  output  can  be  controlled  by  changing  the  tube 
'  diameter  and  the  axial  distance  between  the  receiver  and 
vortex  chamber  outlet.  Reducing  the  diameter  or  increasing 
the  axial  distance  will  decrease  the  p  jwer  effic'ency  but 
improve  the  power  gain. 

Other  important  aspect*  of  a  properly  designed  vented 
vortex  amplifier  are  as  follows: 

1 )  Incremental,  gain  is  virtually  independent  c  f  ioad  over  a 
wide  range,  so  that  this  type  of  amplifier  has  a  very  low 
incremental  output  impedance  and  can  be  cascaded 
effectively  with  virtually  n<~  gain  loss. 

2)  Increased  vent  p'eftsuie  Joes  not  degrade  performance. 

2,  Load  output  pleasure  is  virtu  illy  independent  of  vent 
pressure  ov-rr  a  considerable  range. 

The  performance  of  vented  vortex  amplifiers  is  hard  to 
define  and  is  best  described  by  the  incremental  pressure 
gain  and  the  power  efficiency  at  the  load.  The  incremental 
pressure  gain  is  the  change  in  load  pleasure  for  an 
incremental  change  in  contrc1  pressure  in  the  linear  range  of 
the  amplifier.  Power  is  defined  as  the  product  of  pressure 
and  flow.  Lo&d  power  efficiency  is  the  percentage  ratio  of 
delivered  load  power  to  output  power,  or  the  product  of 
pressure  lecovery  and  flow  recovery.  Although  pressure 


recovery  can  be  extremely  high  (98  percent)  under  blocked 
loed  conditions  with  no  turndown,  the  flow  .■ecov.rry  is 
aero.  Large  vented  vortex  amplifiers  (output  flow  of  0.8 
)b/aec)  have  been  operated  under  certain  conditions  with 
flow  recovery  of  -bout  95  percent  and  pressure  recovery  of 
about  30  percent. 


Figure  16.4.4.3b.  Vertex  Pressura  Amplifier  Configuration 
(Reference  131-40) 


Figure  16.4.4.3c.  Typical  Pressure  Qa'n  Characteristic  vented 
Vortex  Amplifier 

(Courtesy  of  Bendix  Research  Laboratories,  Sr"thfieid,  Michigan) 

Typical  pressure  gain  characteristics  for  the  vented  vortex 
amplifier  at  several  supply  pressures  and  under  blocked  load 
conditions  are  shown  in  Figure  16,4.4.3c.  It  should  be 
noted  that  the  control  pressure  must  exceed  the  supply 
pressure  level  before  the  characteristic  turndown  pressure 
recovery  curves  are  achieved,  i.e.,  no  incremental  gain  is 
exhibited  until  the  control  pressure  exceeds  supply  pres¬ 
sure.  The  gain  shown  by  the  characteristic  curves,  i.e.,  the 
change  >n  load  pressure  for  an  incremental  change  in 
control  pressure,  is  about  10.  measure  gains  of  several 
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thousand  have  been  reported  for  the  vented  voitex  ampli¬ 
fier.  However,  thene  high  gains  art  not  useful  tin  -e  they 
occur  only  at  a  single  point  and  under  blocked  load 
conditions  Power  efficiency  for  an  amplifier  which  pro¬ 
vides  useful  pressure  gain  is  generally  about  f  0  percent  for 
gases  and  65  percent  for  liquids. 

Error  detection  circuitry  is  readily  implemented  with 
vented  vortex  amplifiers  since  there  is  sufficient  room 
around  the  outer  periphery  of  the  vortex  chamber  to 
accommodate  a  large  number  of  control  ports  which  can  be 
arranged  to  either  aid  or  oppose  each  other.  For  instance, 
the  Bendix  Research  Laboratories  have  demonstrated  the 
use  of  up  to  16  separate  summing  control  ports  on  a  1-inch 
amplifier.  This  is  compared  to  a  typical  bean,  defection 
amplifier  where  it  is  very  difficult  to  sum  more  than  two 
pairs  of  control  parts  without  significant  loss  in  gain  and 
pressure  recovery. 


16.4.5  Logical  NOR  Amplifiers 

The  NOR  function  is  the  most  basic  and  universal  logic 
concept.  In  simple  terms,  the  NOR  gate  provides  an  output 
signal  when  no  control  signals  ere  present.  Using  the  NOR 
element,  all  other  logic  functions  such  as  AND,  OR,  NAND, 
NOT,  and  flip-flop  can  be  obtained  by  the  interconnection 
of  two  or  more  elements  (see  Table  16.8.4.6b).  This  type  of 
fluidic  device  has  found  wide  acceptance  in  the  design  of 
relatively  low  power  digital  circuits.  See  Sub  Topic  16.8.4 
for  more  comprehensive  treatment  of  digital  circuit  design 
and  explanation  of  logic  functions  such  as  NOR,  AND,  etc. 

16.4.5.1  TURBULENCE  AMPLIFIER.  The  turbulence 
amplifier  t Reference  1-304)  consists  of  a  supply  tube  and 
an  output  tube  precisely  aligned  <n  a  vented  cavity,  and  one 
or  more  control  input  tubes  perpendicular  to  the  power 
tube  axis.  The  power  jet  is  introduced  into  the  vented 
cavity  as  a  laminar  stream  at  that  in  the  absence  of  control 
flow  much  of  the  original  Jet  power  can  be  recovered  at  the 
output.  When  one  or  more  of  the  control  flows  are 
introduced  perpendicular  to  the  power  stream,  as  shown  in 
Figure  16.4.5.1a,  the  Jet  becomes  turbulent  before  reaching 
the  receiver  and  the  output  pressure  drops  sharply. 


The  operating  principle  of  the  turbulence  amplifier  ia  the 
transition  of  flow  from  the  laminar  to  turbulent  condition. 
In  a  practical  turbulence  amplifier,  a  numbe/  of  conditions 
determine  the  transition  point,  such  as  the  relative  length 
and  smoothness  of  the  supply  tube,  supply  flow  turbulence 
at  the  entrance  to  the  tube,  end  the  absolute  site  of  the 
supply  tube.  Perhaps  the  two  most  effective  means  of 
changing  turbulence  amplifier  performance  characteristics 
are  variation  of  the  supply  pressure  and  adjustment  of  the 
distance  between  the  power  nozzle  and  the  receiver.  Figure 
16.4.5.1b  illustrates  that  a  submerged  laminar  Jet  has  three 
distinct  ranges:  an  initial  laminar  segment,  a  transition 
range  from  laminar  to  turbulent,  and  a  final  turbulent 
segment.  A  pitot  tube,  such  as  the  receiver  of  a  turbulence 
amplifier,  wilt  show  high  pressure  recovery  ii  positioned  in 
the  first  segment  and  low  pressure  recovery  if  positioned  in 
the  turbulent  zone.  As  the  supply  pressure  is  increased,  the 
velocity  of  the  Jet  increases  and  turbulence  occurs  closer  to 
the  supply  nozzle.  For  higL  supply  pressures,  the  initial 
laminar-flow  zone  ia  almost  completely  eliminated,  while  at 
lower  pressures  it  may  extend  as  far  at  one  hundred  supply 
tube  diameters  downstream. 


PRESSURE 

RECOVERY 
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Figure  16,4.5.1*.  Turbulence  Amplifier  Configure  don  and 
Principle  ef  Operation 

(Relannca  131-40 ) 


Figure  10.4.5.1b.  Submerged  Laminar  Jet  Operating  Ranges 


In  a  turbulence  amplifier,  the  receiver  is  normally  located  in 
the  laminar  zone,  near  the  tranaition  zone.  Placing  the 
receiver  closer  to  the  transition  zone  reduces  the  initial  flat 
segment  of  the  turbulence  amplifier  characteristics  (quad¬ 
rant  3,  Figure  16.4.5.1c);  however,  small  increases  in  supply 
pressure  may  shift  the  transition  zone  t  nd  cause  false 
output  changes.  Typically,  «  0.03-inch  diameter  supply 
tube  is  located  30  diameters  from  the  output  tube. 

Hie  high  gain  characteristic  exhibited  by  the  turbulence 
amplifier  in  the  trarsition  region  is  veiy  useful  for  digital 
applications.  The  device  is  not  used  as  a  proportioral 
amplifier  because,  in  the  translation  region,  the  output 
signal-to-noise  ratio  ia  very  low  and  the  output  pressure  is 
very  sensitive  to  small  changes  in  the  supply  pressure. 
However,  with  no  control  input,  the  output  is  a  relatively 
high  pressure  signal  (although  just  a  few  inches  of  water), 
and  with  a  sufficiently  high  control  signal  the  output 
pressure  is  negligible. 
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Figure  16.4.5.1c.  Typical  lurtoulence  AmpMftar  Output 
Character  Mies 

(Courtesy  of  Howie  Corporation.  Noi  ristown,  Pennsylvania) 

Typical  static  characteristics  of  a  turbulence  amplifier  arc 
shown  in  Figure  16.4.5.1c.  The  plots  shown  in  the  graph 
completely  describe  the  static  characteristics  of  this  device. 
The  curve  in  the  lower  left  quadrant  (1>  indicates  the 
supply  flow  over  a  range  of  supply  pressures.  Output 
pressure  versus  supply  flow  and  a  family  of  curves  foe 
output  pressure  versus  output  flow  are  plotted  in  the  upper 
left  quadrant  (2).  Output  pressure  versus  control  flow  is 
plotted  in  the  upper  right  quadrant  (3)  and  control  pressure 
versus  control  flow  in  the  lower  right  quadrant  (4).  The 
plot!  ing  the  curves  on  one  axis  enables  fan-out  to  be 
determined  for  any  operating  pressure.  First,  note  the 
minimum  control  pressure  and  flow  required  for  turnoff. 
Then,  using  the  minimum  control  pleasure,  check  the  flow 
available  at  that  pressure  on  the  proper  P ^  versus  curve. 
Maximum  fan-out  is  determined  by  dividing  the  Qo 
available  by  the  Q0  required.  T>ie  method  is  illustrated  on 
the  graph  by  a  dotted  line. 

The  turbulence  amplifier  has  a  typical  fan-in  of  4  to  6  and  a 
tan-out  of  about  6  to  10.  Supply  pressure  range  is  0.1  to  1 
psig,  and  typical  power  consumption  is  about  60  milliwatts 
at  0.5  puig.  The  response  time  or  switching  time  is  in  the 
range  of  1  to  2  milliseconds.  Turn-on  time  is  generally 
about  twice  as  long  as  the  turn-off  time  because  of  the 
relatively  long  interval  required  to  reestablish  laminar  flow 
after  the  transition  to  turbulent  conditions.  The  amplifier 
also  has  the  advantage  of  excellent  control-output  isolation. 

Some  of  the  prominent  disadvantages  of  this  device  are: 

1)  It  is  sensitive  to  sound  and  vibration  in  the  5000  cps 
rangi. 

2)  A  closely  regulated  supply  pressure  is  required. 


3)  'Hie  output  pressure  recovery  and  absolute  pressure  level 
are  low. 

4)  The  signal -to-noiae  ratio  is  low. 

Application  of  the  three-dimensional  turbulence  amplifier 
In  aerospace  systems  does  not  appear  practical,  because  of 
the  inability  to  integrate  circuits  as  well  as  some  of  the 
disadvantages  cited.  An  adaptation  of  this  device,  called  the 
pianar  ;urbulerce  amplifier  (Reference  73-263),  appears 
practical  since  it  can  be  assembled  in  modular  circuits.  The 
performance  of  the  device  la  similar  to  that  of  the  regular 
turbulence  amplifier,  except  that  it  has  an  improved  output 
pressure  recovery  of  about  60  percent  at  0.26  psig  supply 
and  should  be  less  sensitive  to  sound  and  vibration. 

16.4.6.2  FLOW  INTERACTION  NOR  AMPLIFIER.  The 
flow  interaction  NOR  amplifier  it  a  relatively  new  concept 
which  operates  somewhat  like  the  turbulence  amplifier.  The 
general  configuration  of  this  amplifier  is  shown  in  Figure 
16.4.5.2a.  Laminar  flow  is  developed  in  the  long  supply 
noxxle,  and  the  issuing  supply  Jet  remains  laminar  through 
the  interaction  cavity  end  reaches  the  output  receiver.  The 
jet  flows  adjacent  to  a  flat  plate  (top  wall)  through  the 
interaction  cavity,  and  the  presence  of  the  wall  reduces  the 
effects  of  ambient  noise.  With  control  flow  present,  the  Jet 
is  deflected  to  the  side  and  also  away  from  the  top  plate  to 
reduce  th~  output  pressure.  A  portion  of  the  deflected 
supply  jet  recirculates  in  the  interaction  cavity  and  acts  as  a 
positive  feedback,  Le.,  the  resultr.nt  swirling  flow  in  the 
interaction  cavity  disrupt*  the  jet  to  further  decrease  the 
output  from  the  unit. 
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Figure  16.4.5.2*.  F  low-1  nterestion  NOR  Amplifi*. 

(Courtesy  of  Bertfix  Ptsaarch  Laboratories,  Southfield,  Michigan) 
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This  device  Am  a  fun-in  and  fan-out  capability  of  four. 
Supply  praasure  range  is  1  to  1.6  psig  and  power  consump¬ 
tion  is  about  23  milliwatts  at  1.5  psig.  Typical  control- 
output  pressure  characteristics  at  1.5  psig  supply  pressure 
are  shown  in  Figure  16.4.5.2b.  The  response  or  switching 
time  varies  from  1.5  io  3  milliseconds  for  fan-outs  of  1  to 
4.  Commercially  available  units  are  febricated  in  22 
ar  plifier  modules. 

Although  this  device  is  adaptable  to  integrated  circuits,  it 
suffers  from  the  same  disadvantages  of  the  turbulence 
amplifier  (i.e.,  a  well-regulated  supply  is  required,  a  low 
pressure  level,  and  low  siguai-to -noise  ratio  >. 


CONTROL  PRESSURE,  PSIG 

Figure  16.4.6.2b.  Typical  Input  O  tpot  Characteristics  for 
Ftow-lntwactf  M  NOH  Amplifier 
fflefe  rtnce  131-42) 

16.4.5.3  WC  DIMENSIONAL  LAMINAR  NOR  AMPLI¬ 
FIER.  The  operation  of  this  device  depends  on  the 
deflection  of  a  laminar  supply  jet  rather  than  the  laminar 
turbulent  transition  which  is  characteristic  of  the  turbu¬ 
lence  amplifier.  In  the  laminar  NO  t  amplifier  (Figure 
16.4.5.3),  the  laminar  supply  jet  moves  directly  across  the 
interaction  region  to  the  output  port.  The  adjacent  side 
wall  and  the  top  and  bottom  walla  are  a  strong  stabilizing 
influence  on  the  supply  jet.  With  control  flow  present,  the 
supply  flow  is  deflected  into  the  vent  port.  The  vent  holes 
hi  the  straight  wall  immediately  upstream  of  the  output 
r>ort  are  required  to  decrease  the  static  pressure  buildup 
along  the  wall  when  the  output  port  is  blocked.  This  results 
in  improved  blocked  output  performance  as  well  as  in  a 
significant  increase  in  the  blocked  output  pintanrc  recovery. 


DEFLECTED  FOWER 
FLOW 


CONTROL 

FORTS 


Figure  If. 4.5. 3.  Two-Dimensional  La  miner  NOR  Unit 

f  Reference  13142) 

One  unfortunate  aspect  of  the  beaic  geometry  is  _$he 
mismatching  of  the  two  controls.  The  second  control, 
located  closer  to  the  output  port,  caucee  a  decrease  of 
about  20  percent  in  the  .naxlmum  fan-ou*  of  *he  device. 
Extremely  low  fluid  velocity  is  also  inherent  in  the  is  miner 
jet.  Response  Lime  measurements  are  not  presently  avail¬ 
able,  but  about  10  milliseconds  is  expected,  which  is 
reltuveiy  slow  compared  with  other  logical  NOR  units. 
However,  the  switching  time  is  more  than  adequate  for 
most  applications  and  in  moat  cases  should  be  outweighed 
by  the  compactness  and  low  power  consumption  of  the 
unit. 

The  laminar  NOR  amplifier  utilizes  i  20  t  20  mil  power 
nozzle  And  consumes  shout  2  milliwatts  of  fluid  power  at  a 
supply  pressure  of  0.1  psig.  Performance  curves  ore  not 
presently  available,  but  the  output  pressure  recovery  is 
about  60  percent  of  the  supply.  Present  units  have  a  fan-in 
and  fan-out  capability  of  2. 

Thece  excellent  low  power  element!  are  adaptable  to 
miniaturized  integrated  circuits  and  should  find  widespread 
application  in  aerospace  systems,  particularly  in  start-run- 
shutdown  sequencing  A  id  other  digital  circuits.  Reliability 
estimates  mould  be  high  because  of  the  relatively  large 
( 20  x  20  mil)  power  r.ozsie. 


16.4.5,4  IMPACT  MODULATOR  NOR  AMPLIFIER.  Thu 
device  utilizes  the  )et  interaction-impact  modulation  effect 
discussed  in  Detailed  Topic  16. -f.  1.1.  In  the  impact  modula¬ 
tor  NOR  umrlifier  (Figure  16.4.5,4a),  two  submerged  jets 
emerge  from  opposed  supply  nozzles  along  the  tame  ax  t  so 
that  they  impact  and  form  a  radial  jet.  The  location  of  the 
radial  jet  ia  determined  by  the  momentum  of  each  of  the 
two  impinging  jets.  A  concentric  orifice  is  placed  between 
the  two  supply  t  lezzle*  arch  that  the  radial  jet  is  enclosed  in 
an  output  chamber  -which  is  separated  from  a  vented 
citamber.  When  a  transveise  control  jet  is  applied  to  the 
supply  jet  in  the  vented  chamber,  it  redu-es  the  axial 
momentum  of  the  jet  so  that  the  radial  jet  moves  into  the 
vented  chamber  and  the  output  pressure  is  drast’cally 
reduced. 
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Figure  1M  5.4*.  Impsst  Modulator  NOR 

iWsflovnc*  131-42) 

Thh  dtficr  it  particularly  tatll  suited  to  logic  appUcationa 
because  of  its  high  input  and  output  impedances  and  high 
prMuira  gain.  The  control  signals  are  applied  in  a  com- 
plotaly  vented  chamber,  such  that  control  flow  U  inde¬ 
pendent  of  output  pressure  and  flow,  and  there  is  complete 
between  individual  control  input*.  Output  changes 
do  not  affect  input  pressure  and  flow  because  of  the 
concentric  orifice  separating  the  output  and  vented 
chamberv 

The  impact  modulator  NOR  amplifier  has  a  tan- In  of  4  and 
fan-out  of  11.  Supply  pressure  range  Is  0.85  to  S  paig  and 
'Wer  consumption  is  0,2  watt  at  1  paig.  Typical  control- 
output  preeaure  characteristics  at  1  png  supply  pressure  are 
shown  in  Figure  16.4.5.4b.  The  response  or  switching  time 
averages  about  300  microsecond*  at  .  paig  supply,  which  is 
good  when  compared  with  other  fluidic  logic  elements  of 
similar  power  drain.  However,  switching  time  varies 
drastically  as  s  function  of  fan-out,  and  turn-off  time  is 
several  time*  longer  than  the  turn-on  time  (Fig¬ 
ure  10.4.5.4c) 


INPUT  PRESSURE,  PSIG 

Figure  16.4.5.4b.  Impact  Modulator  Typical  Input-Output 
Characteristic 

(H-ifwarca  131-42) 


SWITCHING  TIME,  MOOStCONDS 


Figure  1S.44S.4c.  Imosct  Modulator  NOR  SwIteMng  Tims 

Ifttftrj-KU  131-42) 

In  spite  of  the  excellent  performance  characteristic* 
exhibited  by  this  device,  the  relatively  complex  three- 
dimensional  configuration  will  limit  its  application  in 
aaroepwe  systems.  Injection  molding  is  the  only  logical 
manufacturing  technique  at  present  which  limits  the  fabri¬ 
cation  of  element*  for  high-temperature  operation.  Current 
aim  is  about  3/4  loci,  in  diameter  by  1-1/4  inches  long,  and 
the  design  la  not  adaptable  to  integrated  circuit  blocks. 
Miniaturisation  or  fabrication  in  a  two-dimensional  configu¬ 
ration  does  not  appear  practical  or  functionally  feasible. 

16.4.5.5  FOCUSED  JET  AMPLIFIER.  Operation  of  the 
focused  Jet  amplifier  *s  based  am  the  tendency  of  an 
inwardly  directed  annular  Jet  to  adhere  to  tne  upper  surface 
of  a  flow  separator  by  wall  attachment  and  to  form  a 
focused  Jet  which  te  collected  at  the  output  tub*  (Figure 
16.4.6.5a).  When  an  annular  control  signal  is  applied,  it 
prevent*  attachment  of  the  pew  let.  and  the  flow  ia 
directed  away  from  the  output  t-  c  tliat  the  output  is 
greatly  reduced. 

The  operating  preeaure  range  of  this  amice  is  3  to  14  paig. 
However,  a  ire*  volume  flow  ia  required  because  of  the 
large  aspect  ratio.  Switching  speeds  range  from  0.3  to  0.6 
millisecond.  Typical  fan-in  ia  4  and  fan-out  is  6.  The 
switching  of  the  Jet  is  not  completely  map  action,  but  the 
device  is  not  suited  for  proportional  operation. 

The  high  flow  requirements  with  no  significant  perform¬ 
ance  gains  will  limit  the  application  of  this  device.  In 
addition,  the  axisymroatrk.  configuration  (Figure 
16.4.6.5b)  is  considerably  more  expensive  to  manufacture 
than  a  two-dimensional  logical  NOR  element. 
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18.4.6  Spttial  Dcvtess 

16  4.6.1  BOUNDARY  LAYER  AMPLIFIER.  This  two- 
dimensional  uevlce  uses  the  prf.  i-iplr  of  forced  separation 
of  ■  tlrum  flowing  out  •  curved  sutfara.  With  no  control 
flow  (Figure  16.4.6.1a),  the  supply  flow  adhere*  to  the 
adjacent  curved  surface  until  well  downstream  of  the 
control  duct  so  that  the  flow  is  directed  to  the  vent.  When 
control  flow  is  injected  into  the  boundary  layer  of  the 
curved  surf*-*,  the  point  of  separation  moves  upstream  and 
the  supply  flow  is  directed  into  the  output  duct. 


Figure  13.4  BAs.  Focused  Jst  AmpfHlsr  Configuration 

( Adopted  with  permission  from  Reference  1-j  V.  "Mechinn 
Design".  August  18.  1966.  D.L.  Latham,  Copyright  1966 
by  the  Ponton  Publishing  Company) 


Figure  16.4.8.8b.  Focused  Jst  Amplifier  Typical  Cram  Section 
SAJepted  with  permission  from  Reference  1-M7,  "Mechine  Design " 
August  It,  !  966.  0.  L.  Lather),  Copyright  1966  by  the 
Renton  Publishing  Company) 


Figure  16.4.6.1a.  Boundary-1  sycr  Amplifier  Operation 

(Heference  ;  31-40) 

A  prototype  model  of  a  boundary  layer  amplifier  is  shown 
in  Figure  16.4.6.1b.  The  bias  flow  ia  require  1  to  force  the 
power  jet  to  unlock  and  return  to  the  off  position  when 
control  flow  is  removed.  An  “island”  is  necessary  in  this 
device  to  eliminate  output  hysteresis  effects.  The  number 
and  location  of  the  control  slots  hwe  a  significant  effect  on 
the  characteristics  of  the  amplifier. 

The  boundary  layer  amplifier  is  used  primarily  when  a  high 
input  impedance  power  amplifier  is  requ5red.  At  relatively 
low  pressures  (shout  5  psig),  typical  pressure  gains  are  2 
to  3,  flow  gains  20  to  30,  and  power  gains  60  to  80.  This 
device  is  limited  by  its  low  pressure  gain,  complexity  of 
construction,  and  telstively  slow  response  time. 
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Figure  16  4.6. 1b.  Boundary  Layer  Amplifier  Configuration 
{ftofmnct  131-40) 

16.4.6.2  DOUBLE-LEG  ELBOW  AMPLIFIER.  This  device 
la  essentially  a  more  complex  v«rak>rt  of  the  boundary  layer 
amplifier  except  that  it  haa  two  output  ducts  (Figure 
16.4.6.2).  With  no  control  flow,  the  momentum  flux  in  the 
active  leg  ia  low  near  the  outlet  of  the  passive  leg.  hence  the 
combined  flow  la  directed  into  the  left  output  duct.  When  a 
control  flow  ia  applied,  the  point  at  which  the  flow  in  the 
active  leg  separates  from  the  channel  wall  ntovea  upatream 
so  that  the  momentum  diatribution  arrow  the  flow  changea 
and  the  combined  flow  ia  directed  toward  the  right  output 
,  ,t.  The  action  ia  proportional,  aince  the  pi-cporUon  of 

thj  power  etream  which  flowa  into  either  of  the  output 
porta  depends  upon  the  r.tomentum  distribution  of  the 
combined  active  and  pssal  e  flows. 


SUPPLY  FLO’ 


CONir 
fiO'v  :■ 


Figure  16.4.6.2.  Double  Lee  Elbow  Amplifier  Configuration 
(ReHrtnc*  >31-40) 


VENT 


The  double-leg  elbow  amplifier  provides  'ary  high  flow 
amplification  at  low  pmaurea  and  low  operating  fre¬ 
quencies.  Maximum  gaina  undor  static  condition*  are  Bow 
Jain  300,  pressure  gain  3,  and  power  gain  600.  Typical  flow 

Kn  la  200  with  a  corresponding  power  gain  of  40. 

forma  nee  of  the  device  drops  drastically  aa  the  operating 
frequency  la  Increased ,  l.e.,  dorm  3  db  at  10  epaand  down 
10  db  at  40  cpa.  (NOTE:  Performance  of  fluid  amplifiers  Is 
usually  measured  in  terms  of  the  amplitude  ratio  (output 
preaeure/input  pressure)  similar  to  that  presented  for 
evaluating  servo  system  performance  dueciibed  in  Sub- 
Topic  7.2.3  of  this  handbook.  It  is  common  practice, 
especially  In  the  fields  of  electronics,  automatic  control, 
and  acoustics,  to  express  the  logarithms  of  an  amplitude 
ratio  in  units  known  as  decibels  (db).  One  decibel  is  equal 
to  20  times  the  logarithm  to  the  base  10  of  the  output/ 
input  amplitude  ratio.  Reference  770-1  presents  a  particu¬ 
larly  clear  and  comprehensive  description  or  such 
terminology.) 

16.4.6.3  INDUCTION  AMPLIFIER.  This  device  Is  essen¬ 
tially  a  back-to-back  arrangement  of  two  airfoils  as  shown 
in  Figure  16.4.6.3.  When  the  power  )et  is  on,  the  flow  will 
adhere  (by  assy  me  try  or  a  bias  pressure)  to  one  of  the 
airfoil  shaped  boundaries  downstream  of  ths  power  noiale. 
With  flow  originally  coming  out  of  the  left  output  duct,  a 
control  signal  muat  be  applied  to  the  right  control  duct  to 
switch  the  flow.  The  stream  from  the  right  control  duct 
adheres  *o  the  outside  wail  of  the  right  output  duct.  Since 
the  control  flow  is  tangential  to  tM  power  flow  in  the 
interaction  region,  the  transverse  pressure  gradient  is 
reversed,  which  causes  the  power  Jet  to  switch  and  flow 
through  the  right  output  duct. 

Except  for  the  switching  principle,  the  characteristic*  of 
this  device  are  similar  to  those  of  the  bistable,  wall 
attachmant  amplifier.  No  performance  information  is 
apacitically  available  on  this  device,  although  it  perform* 
somewhat  like  boundary  layer  amplifier.  Typical  pressure 
gains  are  2  to  3,  flow  gains  20  to  30,  and  power  gains  60 
to  80. 

LEFT  CON’KOl 


LEFTOU  JT 


RIGHT  OUTPUT 


RIGHT  CONTROL 

Figure  16.4 Induction  Amplifier  Configuration 
i  Rafrar.c*  131-40) 

16.4,6.4  EDGETONE  AMPFJFIER.  Tne  edgetone  ampli¬ 
fier  is  a  high-speed  planar  flip-flop  which  uses  a  fluid 
dynamic  phenomenon  called  the  edgetone  effect.  To 
understand  this  effect,  consider  a  fluid  jet  impinging  on  a 
wedge.  Under  the  proper  conditions,  the  Jet  will  con¬ 
tinuously  oscillate  back  and  forth  across  the  wedge  tip, 
alternately  shedding  vortices  on  esch  side.  In  the  edgetone 
amplifier,  as  shown  in  Figure  16  *  6.4,  the  power  jet  stably 
oscillates  between  the  wedge-sha,  J  splitter  and  the  cusp  at 
the  entrance  to  the  output  duct  in  use  until  a  signal  is 
applied  to  the  control  duct  to  switch  the  flow. 
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A  nbthnljr  small  signal  la  required  to  switch  tha  output 
becsti**  tha  power  )at  la  oscillating.  Tha  primary  functional 
dlffaranca  In  tha  edgetone  amplifier  from  a  typical  wail 
attachment  bistable  clamant  Is  tha  0  1  millisecond  or  lees 
switching  time  for  a  typical  device.  Sine?  it  Is  not  in 
widespread  use,  little  information  about  this  device  is 
presently  available. 


In  the  direct  impact  modulator,  Figure  16.VG.Cb,  when  a 
concentric  control  signal  Is  applied,  the  momentum  of  the 
left  supply  jet  la  Increreed  ana  the  Impact  region  moves  to 
the  right.  ThU  results  in  Increased  output  flow  end  pressure, 
and  since  the  output  pressure  Increase*  with  'nersjeed 
control  pressure,  the  device  has  positive  gain. 


rigurs  16.4.6.4.  Edgetone  Amplifier  Configuration 
(Reference  131-40) 

18.4.6.5  IMPACT  MODULATOR.  The  impact  modulator 
is  a  proportional  ainplifior  concept  that  usea  two  axially 
opposed  power  jots  to  provide  a  planar  impact  region.  Its 
operation  defends  on  varying  the  axial  momentum  of  one 
of  the  supply  Jets  to  vary  the  position  of  the  planar  impact 
region.  There  are  two  versions  of  this  device:  the  transverse 
ami  the  direct  impact  modulator. 

In  the  transverse  impact  modulator.  Figure  lb. 4. 6. 5a,  when 
a  perpendicular  control  signal  is  applied,  the  momentum  of 
the  left  supply  jet  is  decreased  and  the  impact  lugiop  moves 
to  the  left  This  results  in  decreased  output  flow  and 
pressure,  and  since  the  output  preesure  decreases  with 
increase  in  control  preesure,  the  device  has  negathr'  gain. 


VENT  O'JTPUl 


CONTROL 


Figure  16.4.6.6a.  Transverse  Impact  Modulator 
(Reference  131-42 ) 


Figure  16.4.6.5b.  Direct  Impact  Modulator 

Typical  performance  of  the  transverse  impact  modulator  is 
maximum  flow  gain  of  6  to  30  and  no-load  preesure  gain  of 
20  to  40.  A  characteristic  curve  is  rhown  in  Figure 
*6.4.6.$c.  Optimised  four-element  cascades  have  given 
pressure  gains  of  about  12,000,  which  reduces  the  average 
pressure  gain  per  stage  to  about  10.6.  This  is  necessary  to 
ensure  output  linearity  and  proper  interstage  impedance 
matching. 


EMITTER  -  JET  PRESSURE  .  P'l 


Figure  16.4.6.6c.  Transvrwe  Impact  Modulator  Performance 

(Courtesy  of  Johnson  Service  Company,  Milwaukee,  Wisconsin) 
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11m  direct  impart  modulator  ia  a  significant  iinprottmiAt 
om  tfc*  tranevene  Impact  modulator.  Pt  assure  pint  up  to 
MO  have  baan  reported  for  this  device,  and  Lite  input 
impedance  ia  variable  and  can  be  adjusted  to  approach 
infinity.  Unloaded  frequency  response  ia  reportedly  quite 
high  (3w0  to  400  epe);  however,  this  has  not  been  related  to 
a  particular  element  alia  and  response  will  decrease  mark¬ 
edly  when  the  element  is  loaded.  Signal-to-nolee  ratio 
information  ia  not  generally  available  for  either  device  but 
ranges  from  00  to  300. 

The  difficulty  of  obtaining  reproducible  characteristics 
from  one  device  to  another  ia  ona  of  the  major  obstacles  to 
the  development  of  impact  modulators.  This  ie  primarily 
dus  to  the  three-dimensional  concentric  nosale  configura¬ 
tion*  which  are  expensive  to  manufacture,  except  by 
Injection  molding.  Some  effort  to  being  expended  In 
developing  a  two  dlmonaiona)  version  of  the  direct  impact 
modulator,  although  If  successful,  lower  pressure  gains  are 
expected.  Impact  modulato  r  are  attractive  for  proportional 
control  application,  however  additional  devalopmant  to 
r.eceeeary  before  the  true  value  of  these  devices  can  be 


16.4.7  Oscillators 

Fluidic  ovcillatoi*  depend  on  feedback  for  operation  just 
Ilka  any  other  type.  These  devices  have  been  utilised  in 
timer  circuits,  temperature  sensors  (see  Sub-Topic  18.6.2), 
pressure  references,  and  an alog-to -digital  converters. 

16.4.7.1  WALL  ATTACHMENT  OSCILLATORS.  An  os¬ 
cillator  r.an  be  constructed  utilising  the  wa*l  attachment 
principle  and  output  feedback  loops  as  shown  in  Figure 
16.4.7.1a.  When  the  supply  flow  ia  turned  on  initially,  the 
supply  jet  will  attach  to  either  the  left  or  right  wall  and 
flow  out  the  respective  output  tube  as  in  t  normal  wall 
attachment  device.  Presuming  the  p.war  jet  to  initially 
attached  to  the  right  wall,  part  of  the  power  rtream  to 
returned  to  the  right  control  via  the  external  feedback  loop 
so  that  the  power  jet  ia  switched  to  the  left  wall  when  the 


Figure  16.4.7.1a.  External  Feedback  OseWator 


right  control  pressure  readies  the  oorrect  switching  pres¬ 
sure.  The  proorias  repeats  itself  on  earn  eld*  so  that  the 
stream  oscillates  at  a  frequency  which  depends  on  the  sum 
of  the  transit  time  of  die  fluidic  signal  through  the 
feedback  path  and  the  power  jet  svritehlng  time. 

Another  type  of  wall  attachment  oscillator  to  the  coupled 
control  oscillator  which  utilises  a  feedback  loop  join’ug  the 
two  control  ports  (Figure  16.4.7.1b).  Assuming  that  the 
power  jet  to  about  to  attcch  to  the  right  wall,  a  rarefaction 
wave,  due  to  ruddenly  increased  entrainment  at  the  right 
control  port,  travels  around  Ui*  control  passage  and  to 
reflected  at  the  left  control  port.  The  reflected  wave,  a 
compression,  chan  travels  back  to  the  right  control  port 
causing  the  jet  to  switch  to  the  left  wall  and  tha  process  to 
repeated. 


Flfure  16.4.7.1b.  Coopted  Control  OseWator 


16.4.7.2  RELAXATION  OSCILLATOR.  Thto  oscillator 
was  developed  by  the  Harry  Diamond  Laboratories  for  use 
in  pneumatic  timer*  and  logit  circuits  that  must  operate 
under  severe  environmental  conditions  ( Reference  241-8). 
By  installing  a  lumped  R-C-R  (resistance-capacitance-, 
resistance)  network  in  the  feedback  loop  of  the  bash  wall 
attachment  oscillator  (Figure  16.4.7.1a),  thto  device  can  be 
made  relatively  insensitive  to  temperature  and  pressure. 

The  relaxation  oscillator  (Figure  16.4.7.2)  has  demon¬ 
strated  lees  than  42  percent  frequency  change  over  a 
pressure  range  from  6  to  30  paig.  A  frequency  variation  of 
lees  than  1  percent  was  also  obta'ned  over  a  temperature 
range  from  77  to  175°F  at  constant  pressure.  Careful 
dr  ,-i  to  neceaaary  if  pressure  and  temperature  insensitivity 
are  required  together. 
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16.4.7.8  PRESSURE  CONTROLLED  OSCILLATOR.  The 
pnMur«  controlled  oscillator  (PCO)  to  a  special  form  oi  ths 
ntHBii-Cwdbiek  oscillator  shown  In  Figure  16.4.7.1s, 
with  sn  output  frequency  that  varies  as  sn  approx Imstsly 
llnsar  function  of  tha  supply  pressure.  This  to  accomplished 
by  varying  tha  R-L-C  (raalstanoe-lnductanee-eapadtance) 
oompooente  In  tha  feedback  loop  to  affint  tha  naoaaaaiy 
phaaa  «hlft  A  PCO  can  uaa  either  wall  attachment  (Figure 
16.4.7.1a)  or  stream  interaction  to  achieve  tha  gain 
necessary  for  oscillation. 

One  typo  of  stream  Interaction  PCO  operstoi  with  a  gain  of 
30  eps/inoh  of  water  pressure  as  too  n  In  Figure  16.4.7.6. 
This  particular  oeeOlator  only  has  a  useful  range  of  about 
SO  ops,  but  an  Important  advantage  to  that  it  can  operate  at 
’•'try  low  pressures  with  excellent  resolution  (600  cpe/psi). 
A  PCO  lo  used  for  analog- to-dlgital  conversion  in  fluidic 
frequency-modulated  systems  and  as  a  pressure  reference. 


Figure  16.4.7  J.  Frew  era  ContreMW  rtesMUitu* 

16  4.7.4  TURBULENCE  AMPLIFIER  OSCILLATOR.  An 
cedDator  which  usee  a  turbulence  amplifier  and  depend*  on 
external  circuitry  for  its  operation  is  shown  In  Figure 
16.4.7.4.  A  portion  of  the  flow  which  enter*  the  output 
tube  to  dirsrted  into  the  return  path,  as  shown  in  (a)  of 
Figure  16.4.7.4.  When  this  flow  reaches  the  end  of  the 


return  path,  It  Implngm  on  the  main  power  Jet  (sea  (b)  ok 
FMum  16.4.7.4),  earning  turbulsnas  and  t  rasuMng  de- 
ermwe  In  the  premure  In  the  output  tube.  OoaHqeiady, 
flow  along  the  return  path  decreases  or  atone,  tha  power 
stream  ratine  Uunliurity,  and  the  cycle  repeats. 


RETURN  PATH 


SUPPLY  TUBE 

b 


5UPPIY  TUBE 


RETURN  PATH 


Figure  16.4.74.  Turfcutanse  AmgMfler  Oeehleter 

(Atiopttd  with  PortrMon  from  Ptforrnco  1-413,  "Uoehlno  Ootlgn", 
November  10.  1083.  O.  L.  1  othom.  Copyright  1088 
by  tho  Ponton  Pub! I  thing  Compony) 

16.4.7.6  TUNING  FORK  FLUIDIC  OSCILLATOR.  A 
*>  racial  on  oaeUletor  has  been  developed  recently  (Reference 
6-81.2)  urhieh  constote  of  e  tempcrature-oompoaaated  tuning 
fori;,  e  load-eenaltivr  fluidic  flip-flop,  control  tranemlae'on 
lines,  end  a  feedback  tranemlaslor.  line.  This  div’.a  has  a 
frequency  accuracy  of  ±0.008  percent  at  room  temperature 
and  ±0.06  percent  over  e  temperature  range  of  -86  to 
+800PF  when  operated  at  400  ope.  Although  hybrid  In 
nature,  thla  tuning  fork  oscillator  offers  the  poaslmllty  of 
such  sn  exheirsly  accurate  frequency  reference  that  it 
should  uot  be  overlooked. 

Operation  of  the  oecUIrtor  to  illuetntad  in  Figure  16.4.7.5. 
Ihe  supply  stream  emerges  from  an  aperture  In  osie  tine 
(control)  of  e  tuning  fork  end  to  alternately  switched  to  the 
t«  d  downstream  channels  as  the  control  tine  orciliete*.  The 
tiro  dorms tream  channels  err  used  as  the  control  inputs  to 
e  load-lmenritive  flip-flop  which  oscDlete*  accordingly.  Tha 
fluid  pulae  train  emerging  from  one  output  chemsel  to  fed 
hack  end  impinged  on  the  other  tine  of  the  tuning  fork 
which  maintains  oscillation  of  tha  fork  at  its  natural 
frequency.  The  other  flip-flop  output  channel  to  used  ae  the 
output  signal.  Since  the -device  usee  the  air  r  jIm  only  to 
xpply  sufficient  energy  to  the  tuning  fork  to  sustain 
oc dilation,  the  oscillator  to  considerably  lass  sensitive  to 
variations  in  the  speed  of  sound  due  to  temperature  changes 
which  compromise  the  accuracy  of  a  typical  fluidic  sock 
oscillator. 

The  tuning  fork  to  high-Q  device  (i.s, ,  it  loeee  a  minimum  of 
energy  due  to  damping  and  mounting  effects)  end  it  can  be 
driven  with  relatively  low  power  inputs.  Temperature 
compensation  of  the  tuning  fork  can  be  accomplished  by 
special  alloys,  heat  treatment,  or  bimetal  construction.  The 
trend  to  towa.'d  small  high-frequency  forks,  since  higher 
frequencies  result  in  smaller  amplitudes  and  better  accuracy 
end  also  minimize  the  affects  of  acceleration  end  vibration. 
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16.4.8  Movin j  Fait  Dovtott 

Fluidic  drrkw  mi  generally  associated  with  control  and 
logic  function*  operating  with  low  power  lav  I  signals, 
whereat  ordinary  moving-part  rahree  are  thought  of  In  tenne 
of  controlling  higher  power  level  flow*  Many  Unde  of 
moving  mechanical  part  devicee  are  uaed  aa  elamenta  for 
control,  euch  ee  spools,  poppets,  flappera,  noaelee,  dia¬ 
phragms,  balls,  force-b«J*r.ce  levers,  bellows,  pivoting  lets, 
tape,  and  helical  springs.  Although  they  are  Industrially 
oriented,  aome  of  theee  devices  are  briefly  considered  here 
because  they  help  accomplish  some  functions  even  at  lov 
power  levels.  They  may  find  application  in  aerospace 
systems  where  It  !s  simply  Intpoarible  or  unmoboraieal  to 
operate  fluidic  elements  because  of  limited  apace,  weight, 
and  energy. 

Many  moving  part  devices  art  also  being  used  in  fluidic 
systems  to  boost  a  low  pleasure  signal  (a  fraction  of  a  pel) 
to  a  uaaful  working  pleasure,  i.e.,  sufficient  to  opera*#  a 
valve  actuator.  These  can  be  either  gae  to  gas,  gas  to 
hydraulic  fluid,  or  even  gas  to  liquid  propellant  interfaces. 

16.4.8.1  MOVING  FART  LOGIC 

Shuttle  Valve,  'she  simplest  mechanical  control  valve  la  the 
shuttle  (Figure  16.4.8.1a).  it  transmits  the  higher  of  two 
inputs  (A  or  B)  and  blocks  the  other.  Except  where  the  two 
inputs  balance  exactly,  the  logic  mode  f-  OR,  Le.,  either 
one  input  or  the  other  produces  an  output 

Ball  Valve.  A  control  p mature  of  the  same  magnitude  aa 
the  supply  will  shut  jfr  the  supply  because  the  upper  b*U 
her  the  larger  area  (Figure  16.4.8.1b).  Thie  device  performs 
the  logic  NOT  function,  i.e.,  there  is  an  output  only  when 
there  is  not  an  input 


HWag  Spring.  If  there  era  no  input  atg'iais  lo  the  dia¬ 
phragm,  than  tha  Ughlty  coded  raring  aria  at  a  dosed  valve, 
aid  output  enuuis  la  buBt  up  (Figure  16.4.6.1a),  Tha  Io0e 
form  Is  NOR,  l«.,  if  neither  A  nor  B  ana  C  era  praeeurtaad, 
there  a  ill  ha  an  output 

Dbe  Valve.  A  duple  diac  can  perform  tha  irate  function  a* 
the  shuttle  valve  described  above  (Figure  16.4.6.1a).  Both 
tha  shuttle  vrive  and  the  disc  valve  can  be  ueed  to  perform  a 
bistable  or  flip-flop  function  as  shown  In  Figure  16.4.8. Id. 


OUTPUT 


figure  tC.4J.1a,  thuCUe  Valve  Lagte  OB  Funsdew 


SUPPLY 


Figure  1C.4J.1e.  Ttttkig  Spdng  tops  NOR  Funeden 

(County  of  Tocfinv,  Ltd..  Ounford,  Ctmbridf,  England) 
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DiophragTi  Valve.  Thu  device  hu  three  diaphragms  but  no 
sliding  r,trU  (Figure  16.4.8.2a).  The  fluidic  control  signs] 
actuate  >  the  upps  (tensing)  diaphragm  and  seals  off  the 
ebumbw  above  the  middle  diaphragm.  The  pressure  then 
builds  up  and  forces  both  the  noddle  and  lower  (power) 
diaphragm?  downward,  opening  the  valve.  It  operates  on  air 
signal  pressures  at  low  m  *.'6  inches  of  water  and  controls 
supplies  up  to  100  psig. 


TO  ACTUATOR 


FLUIDIC  SIGNAL 


Figure  16.4.6.2a.  Diaphragm  Valve 

(Courtasy  of  Northeast  Fluidics  Incorporated, 
Bathany,  Connactici  ') 


Diaphragm-Piloted  Spool,  r.ils  type  of  valve  can  be  con¬ 
trolled  by  pressures  as  low  at  1  to  4  inches  of  water  (Figure 
16.4.8.2b).  It  can  operate  both  as  an  air-to-air  or  an 
aircontrolled  hydraulic  valve  at  supp  pleasures  up  to  100 
psig. 


Figure  'fitTI  ?:  FHeted  Spool 

Fluidic  input  Servovalve.  This  servovtuve  ru  developed  by 
1 1>  Jraulic  Research  Company  to  operate  on  a  differential 
input  pleasure  in  the  range  of  ±1  to  ±5  pai.  The  input  stage 
is  comprised  of  two  small  pressure  cr  jalei  which  convert 
the  f«uid‘c  input  signal  into  a  force  w  :h  acts  upen  the 
flapper  of  the  hydraulic  amplifier.  Figure  16.4.8.2c  illus¬ 
trates  the  operating  principles  of  the  valve  in  schematic 
form.  The  input  arm,  flapper,  and  feedback  spring  are  an 
integr  ad  unit,  This  unit  ia  suspended  by  transverse  webs 
so  that  it  rotates  through  a  very  small  angle  about  a  pivot 
a-is  normal  to  the  view  shown.  An  O-ring  is  employed  at 
the  pivot  point  of  the  flapper  to  provide  fluid  isolation 
between  return  system  oil  in  the  nozzle  area  and  atmos¬ 
phere  a*,  the  input  capcules.  An  input  signal  pressure 
unbalance  therefore  produces  a  lateral  force  on  the  input 
arm  which  moves  the  flapper  closer  to  one  nozzle  and 
f  uther  away  from  th  »  other.  An  unbalance  bt  thus  created 


in  the  spool  und  chamber  pressures,  causing  the  spool  to  be 
displaced  from  its  neutral  or  nub  position.  At  the  spool 
mov«i.  the  feedback  spring  is  deflected  in  a  direction  which 
opposac  the  torque  induced  by  the  fluid  input  signal.  iTrls 
action  restores  the  flrpper  to  its  neutral  position  betwi  .n 
the  nozzles  in-',  causes  the  end  chamber  pressures  to  again 
be  approximately  in  balance.  At  this  point  apod  nv~  vsmsnt 
ceases  and  the  spool  hold*  this  position  until  the  input 
signal  changes.  Closed  loop  positional  contol  of  the  spool 
is  thereby  achieved  where  the  spool  displacement  is  directly 
proportional  to  the  input  differential  pressure  signal. 


TORQUE  ARM 


IWiSURE  CAPfiJUS 


Figure  ItAMe.  Fluidic  Input  genrovelve  Stkemati ; 

(Courtesy  of  Hydraulic  Research  an  Manufacturing 
Company.  Burbank.  California ) 

16.5  FLUID  INTEriFICES 


The  idea  fluid  j  sp  licstior  is  one  where  s  single  fluid 
medium  can  be  used  for  all  control  fu  tic  ions  and  where  the 
need  to  transit t«  inf-wnation  from  one  medium  to  another 
is  eliminated.  Hovn  \  the  bulk  of  present  fluidic  applica¬ 
tion*  are  of  the  hybrid  variety  in  which  interface  elements 
are  required.  Interface  elements  en  ompats  a  broad  rang)  of 
transducers  (electrical,  mechanical,  etc.)  requited  in  applica¬ 
tions  where  system  inputs  and  outputs  a;e  r  onfluid.  kittle 
origins)  work  hss  been  done  to  develop  ne-v  devices  in  this 
sres,  and  moui  interface  elements  arc  adaptations  of 
commerci ally-available  hardware  for  hydraulic  and  pneu¬ 
matic  control. 


16.5.1  Electrical-to-Fluidic  Tranaducars 

There  is  a  wide  variety  of  electricsl-to-fluidic  (E-F)  trans- 
ducu.s  in  general  use.  In  an  E-F  transducer  an  r<ec  tries)  signal 
produces  a  mechanical  movement  of  an  element  into  the 
active  area  of  a  fluidic  device.  For  example,  an  E-F 
transducer  for  on/off  or  digital  operation  can  be  a  so.enoid 
valve  and  for  proportional  control  a  torque  motcr  driven 
flapper  valve.  Several  variations  of  this  type  of  transducer  in 
conjunction  with  fluidic  elements  are  shown  in  Figures 
16.5.1a  through  16.5.1c.  The  torque  motor  driven  E-F 
transducer  has  a  bandwidth  of  about  300  cps  and  the 
bandwidth  for  the  piezoelectric  ceramic  disc  E-F  transducer 
is  between  1000  and  2000  cps. 
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pm.umat:c  signal  in  the  range  from  steady  state  to  ubout 
2000  cps. 

Current  investigators  are  experimenting  with  E-F  trans¬ 
ducers  in  which  an  electrical  signal  is  converted  directly 
into  a  i'.uid  signal  (References  95-29,  131-40  and  131  42). 
Heat  has  also  been  used  to  control  ihe  separation  point  in  a 
boundary  layer  amplifier  and  to  switch  the  flow  in  a 
Mffuser.  Some  of  these  concepts  are  illustrated  in 
Figure  16.5.1e.  Considerably  more  electric  power  than 
equivalent  pneumatic  power  is  required  to  operate  these 
devices. 


Figure  16.5.1a.  Solenoid  Valve  E-F  Transducer 


ELECTROMAGNETIC  DRIVER 


SUPf-tV 


Fvjure  18.5.1b.  Torque  Motor  Driven  F.-F  Transducer 
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Figure  16.5.1c.  Piezoelectric  Bimorph  Disc  E-F  Transducer 

Acoustic  po  .ver  (in  the  audio  range)  from  an  E-F  transducer 
has  been  used  to  switch  digital  fluidic  devices.  The  effect  of 
the  acoustic  po’-er  is  due  to  several  factors.  Sound  increases 
the  turbulence  of  a  supply  jet,  causing  its  velocity  profile  to 
change.  This  change,  coupled  with  the  second  order  effects 
of  acoustic  streaming  and  radiation  pressure,  causes  the  jet 
of  a  wall  attachment  amplifier  to  switch  to  the  opposite 
output  if  the  acoustic  wave  is  applied  directly  into  the 
separation  bubble.  A  turbulence  amplifier  can  also  be 
switched  to  the  NOR  condition  by  means  of  sound  waves. 

Several  practical  E-F  transducers  have  been  made  which 
utilize  the  secondary  effects  of  acoustic  power,  i.e., 
acoustic  streaming  and  radiation  pressure  (References 
73-264,  73-273  and  131-42).  '’he  device  shown  in 
Figure  16.5. Id  utilizes  an  electrically  induced  magnetic 
field  to  position  or  oscillate  a  diaphragm  which  varies  the 
differential  picture  across  a  proportional  amplifier.  A 
piezoelectric  ceramic  disc  can  also  be  used  in  place  of  the 
electromagnetic  driver  and  diaphragm.  Each  of  these 
devices  is  capable  of  producing  a  relatively  low  pressure 


Figure  16J5.1d.  E-F  Transd  scar- Diaphragm  Oscillator  Type 


Figure  165.1a.  E-F  Transducer  Experimental  Phanomana 

I Reference  131-42) 
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Figure  16.5.1e(c).  E-F  Transducer  Experimental  Phenomena 

(Reference  131-42) 


Figure  16.5. 1e(d).  E-F  Transducer  Experimental  Phenomeria 

(Reference  131-42 ) 


16.5.2  riuklic-to-Electrical  Transducers 

N,any  fluidic- to-electrical  (F-E)  transducers  are  possible,  but 
the  most  widely  used  are  simple  pressure  switches,  pressure 
transducers,  ana  liot-wire  probes.  Because  of  the  additional 
transducer  volume  involved,  most  pressure  switches  and 
many  pressure  transducers  are  limited  to  application  in 
systems  with  a  bandwidth  of  less  than  100  cps.  Flush 
mounted  piezoelectric  pressure  transducers  and  the  newer 
semiconductor  strain  gage  elements,  which  have  been  made 
in  extremely  small  sizes  (0.10-inch  sensing  diameter)  are 
capable  of  operating  in  components  with  bandwidth*  in 
excess  of  20,000  cps.  Thermistor  or  hot-wire  probes  have 
also  been  installed  in  the  control  and  output  channels  of 
fluidic  devices  to  indicate  the  presence  or  absence  of  flow. 
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On#  typo  of  differential,  cooled  filament,  F-E  transducer 
(Figure  16.fi.  Sa)  conaieta  of  two  heater  filament*  or  hot- 
film*  which  are  ina tailed  in  the  output  duct*  of  a 
proportional  amplifier  and  connected  in  a  bridge  clrcvit. 
The  bridge  output  voltage  i*  then  proportional  to  the 
differential  cooling  of  the  two  tensors.  Another  type  of 
differential  F-E  transducer  utilizes  a  small  semiconductor  or 
wire  strain  element  mounted  oetween  the  output  legs  of  a 
proportional  amplifier  (Figure  16.6.2b).  A  tranaducer  of 
this  type,  with  a  close-couplcd  strain  element,  will  provide  a 
sensitive  and  accurate  output  signal  directly  proportional  to 
the  amplifier  differential  output  pressure.  Botn  of  these 
devices  are  capable  of  bandwidth*  of  better  than  20,000 
cps,  depending  on  how  doeely  they  can  be  coupled  to  the 
fluidic  element. 


1 6.5.3  M«chanical-to- Fluidic  T rensducen 

Mechanical- to-fluidic  (M-F)  tr  nsducers  are  normally  used 
to  detect  linear  and  angular  displacement  One  of  the 
simplest  M-F  transducers  is  a  pressure  divider,  where  the 
exit  is  a  variable  orif.ee  controlled  by  the  operat'on  of  a 
flapper.  The  flapper  is  either  a  translating  mamber  or  a 
rotating  cam  attached  to  the  mechanical  device  Another 
commercially  available  M-F  tranaducer  is  the  tnterrupta'ui* 
jet  This  is  essentially  a  turbulence  amplifier  in  which  the 
turbulence-inuucing  element  it  an  object  which  intrudes 
into  the  jet  stream.  The  jet  can  be  interrupted  at  any  point 
in  the  lergth  of  the  stream.  The  interruptable  jet  can  senes 
a  mechanical  intrusion  into  the  laminar  stream  with  a 
repeatability  of  better  than  0.0001  inch.  In  spite  of  such 
sensitivity,  the  force  exerted  on  the  intruding  element  by 
the  interruptable  jet  k  negligible.  Foi  digital  circuitry,  the 
concept  of  the  traditional  player-piano  roll  would  permit 
the  use  of  complex  programmed  inputs  to  digital  circuitry. 
One  version  of  thir  concept  uses  standard  punched  cards  aa 
the  input  signal  or  programming  device. 

Many  fluidic  systems  require  a  differential  pressure  signal  at 
the  interface  between  the  tranaducer  and  the  system  input 
Tire  M-F  transducers  illustrated  in  Figure  16  6.3  are  con¬ 
ceived  to  perform  this  function,  in  devices  (a),  (b),  and  (c) 
the  output  noszies  (Pf  and  Pj)  are  each  supplied  from  a 
constant  premure  source  through  a  choked  orifice.  Aa  the 
displacing  member  moves  dcaer  to  one  noaxle  and  farther 
away  from  the  other,  the  resulting  changes  in  back  pressure 
are  reflected  in  the  differential  pressure  signal  P|  minus  Pj. 
The  transducer  in  (d)  functions  in  a  similar  manner,  except 
that  the  change  in  orifice  area  k  accomplished  within  the 
device  itself. 


(o)  ANGULAR  DISPLACEMENT  WITH  CaM 


Figure  1M>.  Fluid  to  Electrical  Transducer  With  Hot 
Sanaort 


Figure  16.6.2b.  Fluid  to  Electric*  TraaeAicer  With  Strain 
Element  Sensor 


(b)  ANGULAR  DISPLACEMENT  WITH  WOBBLE  PLATE 


(e)  LINEAR  DISPLACEMENT  WITH  UP-DOWN  RAMP 
SUPPLY 


p.  SUPPLY  I, 

i«  ri  hi 


(d)  LINEAR  DISPLACEMENT  WITH  VARIABLE  ORIFICES 

Figure  16 ,5.3.  Mechanic  alto- Fluidic  Tranaducer  Concepts 
With  Different  is!  Output  Pressure 
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16.6.4  F  hi  id  ic-to- Mechanics'  Transducers 

Output  pwiuwi  of  many  fluidic  device*  are  relatively  low; 
however,  thaw  pressure*  can  be  amplified  fliddically  or  can 
be  uaed  directly  to  drive  a  variety  of  device*.  A  typical 
application  would  be  the  control  of  a  valve  with  a 
diaphragm,  piaton,  or  a  geared  gaa  turbine  actuator.  The 
differential  output  of  a  fluidic  device  may  alto  be  uaed  to 
position  a  spool  valve  in  a  power  circuit.  There  device*,  are 
generally  adaptations  of  existing  pneumomechanical  de¬ 
vices,  some  of  which  are  dircusaed  in  Detailed 
Topic  16  4.8.2. 


166  FLUIDIC  SENSORS 

Funuamentel  to  all  control  is  the  sensing  of  system 
variables.  The  output  of  a  sensoi  is  a  function  oi  a  system 
variable  such  as  temperature,  position,  angular  rate,  or 
acceleration.  V/hethcr  a  device  is  called  a  sensor  or  an 
interface  element  ia  often  a  matter  of  pinion.  For 
example,  many  of  the  mechanical-to  fluidic  tianaducers 
discussed  in  Sub- Topic  16.6.2  could  be  called  sensors 
because  they  "sense”  the  |-ny  leal  position  of  an  object  and 
proside  an  output  which  is  a  function  of  the  sensed 
position.  Available  information  on  fluidic  sensor*  ia  rather 
scarce  because  many  cf  the  devises  are  either  classified  or 
proprietary.  The  fluidic  devices  diacuased  in  this  sect:on  are 
representative  of  the  sensors  which  have  been  reported  in 
current  literature  and  thoae  which  are  nov<*l  in  terms  of 
fluidic  principles. 


166.1  Highlmpedance  Pressure  Sensor 

Many  fluidic  circuita  require  the  detection  of  various 
pressure  levels.  These  pressure  signals  are  transmitted  into 
the  circuiu  for  processing  and  are  eventually  utilised 
externally.  In  some  situations  the  fluid  producing  the 
control  i..put  data  may  be  toxic,  corrosive,  dirty,  or  hot,  so 
that  it  may  not  be  desirable  to  have  the  fluid  enter  the 
flvidic  circuits.  Tit  is  is  especially  true  where  continued 
exposure  to  internal  contamination  could  render  a  system 
inoperative  or  where  human  exposure  to  a  toxic  exhaust  gas 
cou'd  be  harmful.  One  nigh-impedance  fluidic  pressure 
armor  provides  a  means  by  which  pressure  levels  can  be 
detected  without  flowing  the  sonaed  media  into  the  sensor 
(Reference  68-100). 

A  two-dimensional  configuration  of  the  high-impedance 
pressure  sensor  is  shown  in  Figure  16.6.  la.  It  ia  esaentially  a 
bistable  wall-attachment  amplifier  with  a  bypass  channel 
f  ora  the  supply  to  one  control  port.  This  control  port  is 
designated  as  the  control  input  and  the  opposite  control 
^w.t  is  then  designated  as  the  bias  input  In  operation,  the 
aupply  fluid  is  bypassed  to  the  control  input  channel  where 
it  impinges  on  the  far  wall  causing  the  stream  to  split 
(Figure  16.6.1b).  A  relatively 'small  portion  of  the  stream  is 
entrained  by  the  power  jot  in  the  interaction  region,  and 
the  remaining  portion  is  discharges  through  the  control 
channel.  The  bias  input  is  adjusted  to  cause  the  power  jet  to 
initially  attach  to  the  opposite  or  right,  wall.  When  the 
control  input  ia  restricted  by  either  a  physical  blockage  or  a 
control  signal  of  the  proper  magnitude,  the  power  jet  will 
switch  to  the  left  output  port  (Figure  16.6.1c).  A  variable- 
bias  resistor  is  uaed  to  adjust  the  sensitivity  of  the  sensor 
and.  consequently,  the  control  pressure  level  at  which  the 
supply  stream  switches  (Figure  16.6. Id). 
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Figure  16.B.1a.  High  Impedance  Frsseur*  Sensor 

(Raftranct  131-42) 
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Figure  16.0.1b.  High- Impedance  Sensor  With  No  Control  Signal 
(Reference  131-42) 

Hie  pressure  sensor  can  be  modified  for  use  at  high 
altitudes  or  in  outer  space  a&  shown  in  Figure  16.6.  le.  This 
is  accomplished  by  interconnecting  the  vents  and  the  bias 
input  and  discharging  the  flow  tnrough  a  common  orifice. 
The  sensor  will  then  function  independently  of  atmospheric 
back  pressure  when  the  vent  prearurc  is  high  enough  to 
choke  the  vent  orifice. 
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Figure  16.8.1c.  High-Impedance  Sensor  With  Control  Signal 
(Reference  131-42 ) 


Figure  16.0. Id.  Prawiiw  Sanaor  Control  or  Switching  Pmsura 
(Reference  131  42) 


Figure  16.6.1a.  Pranura  Sanaor  lor  High  Altitude  Application 

(Reference  131-42! 

16.6.2  Temperature  Sensors 

There  is  currently  an  inte  >se  interest  in  the  development  of 
fluidic  sensing  devices  for  measuring  gas  temperature  (Refer¬ 
ences  19-248,  47-38,  and  674-4).  Although  many  of  these 
vary  in  configuration  and  design,  their  basic  operation 
depends  on  the  fact  that  acoustic  velocity  is  a  function  of 
gas  temperature.  Sizes  range  from  a  probe-size  (miniature) 
sensor  which  can  be  Fitted  i.iside  turbine  stator  blades  to 
larger  uniU  which  are  used  to  measure  temperature  inside 
the  fuel  cells  of  a  nuclear  reactor.  Theoretically,  the  sensors 
will  operate  in  virtually  any  environment  as  long  as  the 
minimum  flow  velocity  necessary  for  operation  is  main¬ 
tained.  The  temperature  range  for  e  given  device  is 
determined  hv  the  liquification  temperature  ot  the  working 
gas  at  low  temperatures  and  the  melting  point  of  the  sensor 
material  pt  elevated  temperatures. 

Frequency  or  s  fluidic  oscillator  (Sub-Topic  16.4.7  and 
Figure  16.0.2a)  depends  on  the  length  of  the  external 
feedback  path  and  the  length  of  time  required  for  ap 
acoustic  pulse  to  travel  the  length  of  this  pat)-..  This  time 
depends  on  the  acoustic  pulse  velocity  of  the  speed  of 
sound  in  the  supply  fluid,  which  in  turn  varies  with  the 
fluid  temperature.  If  the  switching  time  for  the  active 
fluidic  element  in  the  oscillator  is  assumed  to  be  zero,  the 
oscillator  frequency  is: 

llc 

f  =  2fi  (Eq  16.6.2a) 

where 

f  “  frequency,  cps 

uc  -  acoustic  velocity  of  the  gas,  m/s 
r  *  length  of  conduit,  m 
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8inc^  ipttd  of  sound  in  i  compressible  fluid  is  squs) 
f  -  «l  K,  VT  ifcq  1«.S.2b> 

when 

k  -  specific  hast  ratio,  dimensionless 
R  “  gas  constant  N-m/Kg-°K 
T  ■  static  temperature,  °K 

and  K  |  is  an  arbitrary  constant  depending  on  tho  oscillator 
configuration  and  the  working  fluid.  ‘Ulus,  the  oscillator 
frequency  is  a  function  of  the  square  root  of  the  absolute 
temperature,  which  is  the  basis  of  the  fluidic  temperature 
sensor. 


..Ok' 


.  amp*r store  Sensor 


Figure  W.1' 

Oscillator  temperature  sensors  are  built  by  Honeywell  in 

SL  w  «  3 »  «  3,09-I.Kh  *1*1. 1.  »  » 

1  /2-inch  thick,  which  oper  from  about  17  kilocycle* 

2  V3ocy«l«,  A  cation  ..  . 

tvDical  2  x  2-inch  sensor  is  shorn  Figure  10.8.. in.  ln,el 
fluid  pressures  must  be  sufficient  -art  and  sustain  sensor 
oscillation,  normally  3  or  4  psjt. 

is  *0.2  percent  which  is  achieved  after  the  senaor  exit 
nozzle  is  choked. 


’.hr  sensor  has  a  response  time  of  leas  the"  1  second,  which 
is  Influenced  by  the  time  required  to  purge  the  senaor  of 
operating  fluid  and  by  the  time  required  for  the  heat 
transfer  to  teach  steady  state  conditions.  Signal-to-noiae 
ratio  varies  from  ft  to  20  depending  on  the  inlet  pressure. 

16.6.3  Vortex  Rate  San  tor 

Vortex  rate  sensors  exemplify  the  high  amplification 
available  in  >  vortex  flow  field  (Reference  .7-21).  A  typical 
senaor  is  shown  in  Figure  10,6.3a.  Supply  fluid  flows 
through  the  inertial  coupling  element,  through  the  vortex 
chamber,  and  out  the  \  ent.  The  coupling  element  it  usual'y 
porous  material,  but  uniformly  spaced  vanes  have  also  been 
used. 


VENT 


Figure  18.0.3a.  Vortex  Rate  Sense; 

(Courtly  of  Bendtx  Research  Laboratories,  Southfield,  Michigan} 

When  the  angular  rate  is  aero,  the  supply  fluid 
through  the  coupling  ring  end  flows  radially  toward  the 
vent  With  the  application  of  an  angular  rate,  u  tangential 
velocity  is  imparted  to  the  supply  fluid  by  the  coupling 
element  which  is  amplified  in  the  vortex  chamber  due  to 
the  conservation  of  angular  momentum.  Thie  increased 
(amplified)  velocity  is  detected  with  an  aerodynamic 
pickoff  located  in  the  drain.  The  pickoff .  usually  hn  the 
form  of  a  very  ranall  prol-e,  measures  »he  induced  vortici.y 
in  terms  o'  the  angle  of  attack  that  the  high-velocity  flow 
makes  with  the  probe.  Figure  16.6.3b  illustrates  the 
function  of  one  of  the  simpler  pick-off  configurations.  The 
pressure  differential  generated  acmes  the  probes  Is  directly 
nroDortionsl  to  the  applied  angular  rate. 


DECREASED  OUTPUT 
INCREASED  OUTPUT 


SWIRLING 
OUTLET  FLOW 


Figure  16.6.2b.  Temperature  Sensor  Clibration  Curve 

( Courtesy  of  Honeywell,  Incorporated.  Minneapolis,  Minnesota) 


Figure  16.6.3b.  Aerodynamic  Rale  Sensor  Pickoff 

(Courtesy  ot  Bendix  Research  Laboratories,  Southfield,  Michigan) 
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Tn#  performance  of  vortex  rate  aenuora  la  usually  discussed 

In  terma  of  aenaitivlty,  threshold,  alia,  and  reeponae. 

a)  Sensitivity  ie  defined  aa  the  output  pressure  generated 
per  degree  per  second  and  la  primarily  a  function  of  the 
diameter  of  the  aenaor  and  pickoff  design. 

b)  Threshold  refers  to  the  minimum  rate  that  can  be 
observed  above  the  acoustic  noise  produced  as  th»  fiow 
enters  and  paaces  over  the  pickoff. 

c)  Response  is  primarily  q  function  of  transport  time  (the 
time  it  takes  a  particle  of  fluid  to  pass  from  the  coupler 
to  the  pickoff)  and  is  determined  by  thr  diameter  and 
flow  rate  through  a  given  device. 

d)  Saturation  refers  to  the  maximum  rate  that  can  be 
measured  within  the  linear  range  of  the  device. 

Hie  performance  characteristics  for  a  typical  device  are 

summarised  in  Table  16.6.3. 


TaWe  164.3.  Vertex  Rats  tenser  CHsrsetsHstiss 

Diameter:  4.0  Inches 

Supply  pressure:  20.0  paig 

Flow  rate:  150  cc/»*c 

Oas:  air 

Sensitivity:  0.02  psi/dsg/sec 

Response  time:  20.0  milliseconds 

Noise  amplitude:  0.002  pel 


One  of  the  many  varied  applications  anticipated  for  the 
vortex  race  sensor  is  the  utilisation  of  the  device  in  the 
fluidic  missile  control  system.  Most  applications  are  in  the 
experimental  pass*  and  range  from  missile  attitude  control 
to  light  aircraft  controls. 


16.7  SYSTEM  APPLICATION 

The  most  appealing  advantages  offered  by  fluidics  to 
a  rospace  systems  are:  no  moving  parts,  environmental 
in.  vnsitivity,  simplicity,  and  ruggedness  —  all  of  which 
ms  e  for  high  reliability  expectations.  Other  considerations 
are  lotential  weight  and  volume  savings  and,  to  a  Isaaer 
degree,  reduced  system  fabrication  coat  These  advantages 
are  qualified  by  whether  the  comparison  J  with  conven¬ 
tional  fluid  power  controls  or  with  electronic*.  Perhaps  ihe 
most  important  points  are: 

1)  Any  pressurised  fluid  (such  as  stored  gas,  combustion 
products,  and  liquid  propellant)  can  be  used  as  a  power 
source  for  a  fluidic  system.  This  is  a  distinct  advantage  if 
it'  can  eliminate  the  need  for  electric  power  when 
electric  power  is  not  readily  available. 

2)  In  systems  whore  parameters  such  as  pressure,  flow, 
temperature,  and  angular  rate  are  sensed  and  used  as 
control  signals,  fluidics  does  not  require  the  conversion 
of  these  signals  into  mechanical  motions  as  would  be 
required  in  conventional  controls. 


A  Fluidic  Component  Rating  Analysis  Chart  from  Refer¬ 
ence  131-42  is  presented  in  Table  If. 7  It  is  intended  as  a 
general  referenct  for  the  systems  engineer  in  defining  the 
state  of  the  art  of  fluidic  devices,  interfaces,  am!  aanaora 
relative  to  propellant  compatibility,  functional  parameters, 
and  specific  environments.  Reliability  ratings  assigned  to 
the  various  combinations  of  fluidic  components,  propel¬ 
lants,  and  parameters  In  the  chart  have  the  following 
definitions: 

RATING  DEFINITION 

1  Poor— a  serious  problem  exists  for  which 
there  is  no  satisfactory  solution. 

2  Fair— a  problem  exists,  but  u  remedy  may 
be  available. 

3  Satisfactory— i.e.,  within  the  state  of  the 
art. 

U  Information  upon  which  to  make  a  judg¬ 

ment  is  unavailable. 

The  purposes  of  this  section  are  to  consider  the  problems 
and  limitations  of  fluidic  system  applications,  to  define 
important  application  criteria,  and  to  preaant  some  typical 
system  applications. 

16.7.1  Problem!  and  Limitations 

16.7.1.1  OPERATIONAL  PROBLEMS.  Fluid  filtration, 
powar  source  performance,  and  element  interchangeability 
are  the  areas  in  which  operational  problems  are  most 
frequently  encountered.  Conventional  10  to  40  micron 
(nominal)  Altars  have  been  found  adequate  for  most 
applications;  however,  in  atmospherically  vented  circuits, 
care  must  be  taken  to  avoid  the  a*;. 'ration  of  contaminants 
fro~i  the  snvironment  Hie  use  of  liquid  propellants  in  fljtid 
circuits  necessitates  other  considerations,  such  as  propellant 
compatibility,  rheopectic  or  thixotropic  behavior  (see 
Sub-Topic  3.3  4  and  Reference  131-41),  and  contamination 
of  tha  environment  Many  available  power  sources  do  not 
deliver  a  constant-pressure  supply,  and  component  selec¬ 
tions  and  the  circuit  design  must  compensate  for  this.  Only 
conventional  mechanical  pleasure  regulators  are  available  at 
the  present  time,  but  good  fluidic  pressure  regulators  are 
expected  in  the  future.  Monopropellant  gas  generation 
ayatemr  and  closed  cycle  power  supplies  hold  the  answers 
for  future  aerospace  application. 

Unless  absolutely  necessary,  miniature  devices  mlth  small 
noeals  dimensions  must  be  avoided  to  ensure  low  sensitivity 
to  variations  in  operating  conditions,  fabrication,  and 
contamination.  Many  new  fluidic  element  designs  are  less 
sensitive  to  geometry  variations,  and  manufacturing  tech¬ 
niques  are  also  being  improved  constantly.  Instrumentation 
is  presently  inadequate;  consequently,  it  is  difficult  to 
verify  system  performance  and,  more  important,  to  pin¬ 
point  malfunctions.  Concentration  on  satisfying  the  need 
for  special-purpose  instrumentation  should  help;  however, 
in  the  long  run,  the  most  promising  solution  is  self- 
contained  miniaturized  instrumentation. 
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117.1.2  ANALYTICAL  TECHNIQUES.  Kariltr  develop¬ 
ment  and  a  large  percentage  of  the  current  development  of 
fluidic  elements  and  systems  have  been  done  on  an 
empirical  basis,  rithough  current  macroscopic  mathematical 
mode  la  haw  provided  useful  results.  This  reflects  the 
difficulty  of  mathematically  analysing  devke  steady-state 
operation  and  the  ever,  mote  formidable  problems  en¬ 
countered  in  representing  dynamic  phenomena.  Major 
efforts  are  underway  In  Industry,  government  agencies,  and 
unlvarsltlaa  (notably  MIT)  to  formulate  end  to  commit  tc 
pnetke  the  took  and  techniques  required  to  facilitate  the 
analytical  design  of  fluidic  components  and  systems. 

lt.7.1.3  FLUIDIC  DEVICE  PROBLEMS.  Hie  formula- 
don  of  an  analytical  model  la  complicated  by  the  fact  that 
fluid  flow  phenomena  are  very  sensitive  to  several  interre¬ 
lated  variable*.  For  example,  wall  attachment  amplifier 
performance  ic  Influenced  by  many  factors  which  include 
Reynolds  number,  the  ratio  of  control  jet  velocity  to  power 
jet  velocity,  several  aspects  of  element  geometry,  else, 
surface  rougtmem,  upstream  perturbations,  and  downstream 
loading.  Hi#  complete  determination  of  a  suitable  modal 
will  requite  a  batter  understanding  of  turbulent  jets  and 
interaction  flows.  Only  ve.-y  crude  models  resulting  from 
the  use  of  simplifying  assumptions  are  available  In  most 
cases.  Marked  improvements  in  fluidic  technology  should 
result  when  it  becomes  possible  to  readily  solve  the  partial 
uifferetitial  equations  for  turbulent  fluid  flow.  Jet  and  solid 
eurfacs  interactions,  the  solution  of  pressure  and  velocity 
transients,  and  the  stability  of  a  free  jet  in  the  presence  of 
acoustic  disturbances  are  example*  of  critical  problems 
which  need  to  be  solved  in  order  to  optimise  device  detign. 

16.7.1.4  SYSTEM  DESIGN.  With  all  fluidic  element*,  it  is 
necessary  to  cope  with  similar  considerations  In  order  to 
achieve  successful  interconnection  into  circuits  and  sys¬ 
tems.  These  considerations  include:  the  effects  of  non- 
linearities  and  dynamics  in  active  and  passive  circuit 
elements  and  in  connecting  passage  ways;  loading  due  to 
temporary  and  permanent  instrumentation;  noise  genera¬ 
tion.  propagation,  and  amplification;  temperature  and 
pressure  sensitivity;  and  impedance  .Hatching  at  critical 
place*.  Whan  these  considerations  are  ignored,  instabilities 
may  occur,  signals  may  prematurely  saturate,  energy  may 
be  wasted,  and  excessive  stages  of  amplification  (with  the 
accompanying  complications  of  noise  amplification)  may 
be  needed.  Accordingly,  small  changes  in  element  and  line 
geometries,  mean  operating  pressures,  or  mean  flow  rates  in 
linen  and  passages  can  cause  significant  changes  in 
performance. 

Obtaining  optimum  system  performance  require*  a  com¬ 
promise  between  gain,  stability,  and  response  time.  Each 
fluidic  element  must  be  carefully  matched  to  its  load  to 
obtain  maximum  signal  power  transfer  and  to  provide 
sufficient  signal  power  to  drive  svcceasive  stages.  Besides 
providing  maximum  power  transfer,  the  matching  of  line 
and  port  impedance  minimises  the  reflection  of  waves  at 
the  junctions  of  lines  and  ports  and  reduces  the  likelihood 
of  premature  saturation.  In  general,  fluidic  device  static 
pressure  flow  curves  are  very  useful  in  achieving  proper 
matching.  Approximately  linear  operation  it  usually 
achieved  tor  email  swings  4 bout  a  chosen  operating  point. 
Hie  dynamic  response  characteristics  are  such  that  for  • 
small  device,  static  performance  can  be  assumed  up  to 
about  400  cps. 


Power  supply  regulation  and  reliability  an  necessary 
.  rerequiaitae  to  proper  system  performance.  Fluid  supply 
lines  mould  be  lug*  enough  to  avoid  excessive  losses.  If  the 
flow  ana  of  supply  lines  and  connectors  is  too  small, 
undesirable  pressure  drops  can  ooeur  so  that  supply 
presume  at  individual  element  power  ndeaiea  will  be  Isas 
than  specified,  lb*  most  aerloua  consequence  of  email  flow 
anas  is  the  greatly  Increased  loaa  in  each  band  and  fitting 
due  to  eddies  and  turbulences  which  lead  to  greater  losses 
in  straight  sections.  Pressure  loaasa  wre  treated  in  Sub- 
Section  3.9  of  this  handbook. 

In  the  design  of  analog  systems: 

1)  Problems  exist  in  matching  component  characteristics 
beccuaa  of  the  inherent  load  rsnsitivity  of  analog  devices 
and  because  of  tha  variation  of  component  characteris¬ 
tics  with  operating  point, 

3)  Noise  is  a  major  problem,  particularly  in  high  gain 
circuits  where  staging  is  required  and  the  noise  Is 
generated  in  the  first  or  second  stage. 

3)  Most  systems  are  nearly  proportional,  l.e.,  tha  fluidic 
eiomentu  operate  at  a  frequency  and  output  laval 
continuously  related  to  tha  input  signal,  so  that  there 
are  no  discontinuities  and  only  vary  alight  amounts  of 
higher  harmonics  in  tha  output  signal. 

4)  Carrier  techniques  (relucting  both  A  1  and  FM  can  be 
applied  tc  minimise  problems  of  noise,  drift,  and  bias  In 
critical  applications. 

Regarding  digital  system  design: 

1)  Ferly  advance#  were  achieved  by  means  of  cut-and-try 
developmental  work,  leading  to  empirical  results. 
Theoretical  work  has  not  yielded  many  results  that  are 
directly  useful  in  design. 

2)  Digital  elements  are  normally  lees  sensitive  tc  noise  end 
load  cond'tioru.  than  corresponding  analog  elements. 

3)  Intel  •'  m  matching  of  element  characteristics  is  not  as 
critical  for  ane'og  systems. 

4)  Vented  digital  amplifiers  are  the  most  widely  used  in 
digital  circuits.  However,  a  vented  circuit  may  not  b* 
the  bast  choke  where  maximum  power  transfer  is 
desired  (such  as  in  most  aerospace  applications).  See 
Sub-Topic  16.4.5  rslntli.g  to  problems  with  turbulence 
amplifiers,  as  an  extreme  case. 


16.7.2  Systsm  Application  Criteria 

1G.7  2.1  PERFORMANCE  WITH  VARIOUS  FLUIDS 

Gases.  The  gcaas  commonly  available  in  aerospace  systems 
include  ram  air,  preasurante,  propellant  boiloff,  and  com¬ 
bustion  products.  Any  of  these  gases  may  be  used  as  a 
*orking  QuH  for  fluidic  devices.  Particulate  contamination, 
such  as  metallic  particle*,  can  cause  erceion  in  fluidic 
elements,  particularly  wh^n  in  hydrogen  and  helium, 
because  of  the  high  sonic  velocities.  Ice  crystals  formed 
from  impurities  such  as  water  vapor  and  carbon  dioxide  in 
the  gases  can  clog  orifices  and  filters.  Normal  cars  to  ensure 
that  systems  are  clem  and  dry  combined  with  the  use  of 
adequate  Alters  (usually  10  to  70  micron  nominal  rating) 
should  obviate  most  problems. 
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FLUIDIC  SYSTEM  APPLICATION 


Gnaw  Midi  w  hydrogen,  helium,  and  high  temperature 
combustion  products  arc  notoriously  difficult  to  aaai  and 
will  often  lack  through  exceedingly  rmall  openings,  such  u 
arc  found  in  connectors  and  static  seals.  Once  a  leak  starts, 
the  erosive  effects  of  theca  gases  can  be  quite  significant. 
Boilofi  gaeea  from  oxiditere  auch  u  N204  a.id  LF2,  u  well 
aa  moat,  combustion  product  gaa**,  are  highly  corrosive  and 
adequate  provision*  muat  be  made  to  ensure  compatibility 
with  construction  mate  rial  a.  Munopropellant  hydracir.a  gaa 
generator  systems  supply  a  relatively  cL-an  gaa  which  should 
find  wide  applicatior  a a  a  working  fluid  for  fluidic  ayatema. 

Liquid*  Water,  hydraulic  oils,  and  virtually  any  liquid 
propellant  (including  cryogenic*)  may  be  used  aa  the 
working  fluid  in  a  fluidic  system.  In  meet  case*  more 
aarioua  problem*  are  encountered  with  liquid*  than  with 
gaaaa.  primarily  because  of  difficulties  with  materials 
compatibility  and  the  tech  of  design  data  and  daman  ta  for 
liquid  operation.  Aa  with  gaaaa,  cleanlineat  of  liquid  flow 
media  muat  K»  maintained  to  avoid  problems.  Of  particular 
significance  h  the  case  of  cryogenic  fluids  thrt  may  hecoma 
contaminated  with  gaaes  whoa*  freeting  points  are  higher 
than  th*  storage  temperature  of  the  cryogenic  fluid. 

The  deedepment  of  gaseous  fluidic  systems  has  progressed 
much  more  rapidly  than  liquid  systems.  Although  fluidic 
elements  can  be  successfully  operated  with  any  of  the 
liquid  propellants,  present  component  configurations  were 
designed  for  gas  operation,  and  consideration  muat  be  given 
to  redesigning  elements  for  liquid  operation.  Liquid  ele¬ 
ments  are  slower  to  respond  than  similariy-sisMl  pneumatic 
elements,  and  hlfhor  density  working  fluids  require  higher 
input  power  for  system  operation.  Also,  dissolved  gaaaa 
tend  to  com*  out  of  solution  in  th*  low  pleasure  region* 
formed  at  abrupt  changes  in  crow  section  or  direction. 
Small  - le menta  pose  other  problems  which  can  be  »,  iatad  to 
the  flow  regime  required  for  proper  operation.  Some 
elements  require  either  laminar  or  turbulent  flow  condi¬ 
tions  to  pstfon.  -^?ir  function  while  others  rely  on  a 
laminar  to  tuibuient  t. attrition.  A  specific  demon  i  tested 
with  air  and  than  with  hydraulic  fluid  showed  that  supply 
pressure*  of  0.2  and  300  paig,  respectively,  wars  required  to 
attain  th*  same  Reynolds  number  for  the  two  case*. 

Gelled  Propellants.  Both  metallised  and  nonmetalli  ted  gala 
are  characterised  by  thixotropic  properties,  Le„  the  vis¬ 
cosity  decreases  vith  i  no  easing  shear  rat*  and  strew 
decreases  with  time  at  constant  ahvar.  As  the  gal  flown 
through  lines  and  components,  th*  *he-r  becomes  greater, 
the  viscosity  becomes  less,  and  the  gel  behaves  mom  like  a 
low  viscosity  liquid. 

Gelled  propellants,  especially  metallised  gels  with  meuJ 
particle  sixes  ranging  from  5  to  60  micron*,  erv  obr  xuly 
not  applicable  to  miniaturised  fluidic  systems.  It.  addition, 
th*  properties  of  felted  propeUanta  can  present  several 
problems  in  larger  fluidic  devices.  Pressure  drops  through 
lines  and  elements  are  higher  than  those  of  comparable 
liquids  and  ate  unpredictable  because  th*  viscosity  varies. 
F  ow  through  nosales  can  cause  evaporation  of  the  liquid 
phase  of  the  gel,  which  leaves  a  solid  matrix  as  a  residue 
that  can  hinder  or  restrict  th*  flow  Utr  abrasive  action  of 
metal  particles  can  cause  erosion  of  nosales  and  passage*. 
Tho  compatibility  of  gelled  propellants  with  the  materials 
of  construction  is  generally  comparable  to  the  base  liquid 
propellant 


TEMPERATURE  AND  PRESSURE 
RESPONSE  TIME 


14.7.2.2  OPERATING  TEMPERATURE.  Fluidic  devioea 
can  be  made  to  operate  with  some  fluids  at  any  given 
temperature,  limited  only  by  th*  materials  available  of 
construction.  Elements  have  been  operate  with  liquid 
hydrogen,  and  a  vortex  valve  has  been  operated  with 
6500°  F  working  fluid  v  Reference  37-11).  Digital  elements 

an  be  operated  over  broad  temperature  ranges;  however, 
analog  dsview  are  quit*  asnsitive  to  temperature  variation. 
This  sensitivity  ia  caused  by  such  things  as  viscosity 
variations,  sonic  velocity  changes,  and  orifice  and  nosal* 
siae  variations  because  of  thermal  expansion  or  contraction. 
Differential  circuits  can  be  used  to  compensate  for  amall 
temperature  changes,  and  temperature  sensitive  gJn  chang¬ 
ing  networks  are  required  for  compensation  over  brdeb 
temperature  ranges. 

16.7.2.3  OPERATING  PRESSURE.  The  primary  prote 
lama  anticipate  i  with  high  prewure  levels  are  structural 
strength  and  twit,  flu  minimum  prewure  requirement  ct 
the  current  state  of  the  art  of  computational  elements 
operating  with  gases  la  about  0.6  to  10  paig.  Where 
required,  digital  logic  can  operate  tuccewfiilly  at  0. 1  paig  or 
‘ess.  Power  elements  operating  on  liquid  haw.  been  tested  at 
pressure*  up  to  several  thousand  paig.  Back  prewure 
regulation  or  a  constant  pressure  tump  may  be  neceaaory  to 
maintain  acceptable  Reynolds  numbers  if  element*  are 
required  to  operate  over  a  wide  range  of  ambient  or  vent 
conditions.  For  eieir.ents  operating  on  gam,  nvrrafi  pres¬ 
sure  ratios  seldom  exceed  1.3:1. 

16.7.2.4  RESPONSE  TIME.  The  response  time  of  fluidic 
elements  refers  to  the  time  delay  between  the  application 
of  an  input  stop  signal  tnd  the  time  at  which  th*  resulting 
output  signal  reaches  a  level  which  is  63  percent  of  the  final 
value.  Response  time  oi  a  specific  fluidic  element  is 
primarily  influenced  by  the  transport  time  of  a  fluid 
molecule  through  the  device.  With  gaaaa,  this  transit  time  ia 
normally  figured  to  be  equivalent  to  a  velocity  of  1  inch  per 
millisecond. 

State-cf-the-art  response  time  of  small  fluidic  .dements 
operated  on  gases  is  presently  about  1  milllae  snd.  An 
important  consideration  to  that  the  response  time  of  most 
fluidic  elements  increases  as  fluid  density  incremtes.  This  to 
illustrated  in  Figure  16.7.2.4,  where  it  can  be  seen  that 
liquid-operated  elements  fend  to  bo  an  order  of  magnitude 
slower  than  gas-operated  elements  (References  23-70  and 
761-2).  The  figure  also  shows  that  elements  will  operate 


(Adapted  with  permission  from  Reference  23-70,  "Hydraulic 
Fluid'cr ",  S.A  f  Paper  No.  670736,  C.  K.  Tan. 
September  19671 
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16. 7.2.5  POWER  REQUIREMENTS.  Fluidic  element* 
require  a  continuously  flowing  aupply  o'  working  fluid  for 
norma!  operation  so  that,  in  logic  control  circuitry,  the 
individual  component  supplies  can  add  up  to  a  sizeable 
power  Jrain.  For  power  functions  in  applications  with  low 
duty  cycles  and  long  missions,  flu ’die  elements  consume  a 
little  more  v'wer  than  conventional  control  components. 
Power  consumptions  should  be  considered  carefully  even  if 
a  plentiful  supply  of  working  fluid,  such  as  gas  turbine  or 
rocket  engine  bleed  gas,  is  availnb!  .  If  a  stored  gas  supply  is 
.equired  for  the  fluidic  system,  the  power  drains  of  fluidic 
logic  and  analog  elements  should  be  in  the  low  milliwatt 
range. 

Powei  consumption  in  state-of-the-art  fluidic  computa¬ 
tional  dev*  •>  s  ranges  from  0.02  to  several  watts  of  fluid 
power  as  shown  in  Figure  16.7.2.5.  One  example  of  the 
nev.  low-power  logic  indicated  in  Figure  16.7.2.5  is  the. 
two-dimensional  laminar  NOR  amplifier  (Detailed  Topic 
16.4.5.3)  which  was  developed  at  the  Harry  Diamond 
Laboratories. 

The  most  logical  approaches  to  reduce  power  consumption 
are  miniaturization  and  reduced  supply  pressure.  Extreme 
miniaturization  (below  10  mil  widths)  compromises  ele¬ 
ment  reliability  and  complicates  element  and  circuit  fabri¬ 
cation.  This  justifies  the  present  trend  toward  lower  supply 
pressures. 


SL'PH'r  I'HVAjKf  Ml C 


Figur*  16.7.1  ">.  Power  Consumption  of  Fluidic  Devices 

16.7.2.6  OPERATING  LIFE.  The  uctual  required  oper¬ 
ating  life  of  a  fluidic  element  can  vary  from  a  few  cycles  to 
several  hundred  thousand  cycles  depending  on  mission 
requirements  Since  there  are  no  moving  parts  that  can  wear 
out,  the  operating  life  of  an  element  is  not  usually  a 
problem.  The  most  significant  effects  on  operating  lite  arc 
material-  compatibility,  seals,  erosive  action  of  the  working 
fluid,  and  the  environment. 

16.7  2.7  LEAKAGE.  For  a  basic  two-dimensional  fluidic 
element  sealed  with  a  cover  plate,  consider  the  leakage 
paths  across  the  seal  layer.  In  a  cold  gaa  or  liquid  system 
some  leakage  can  be  tolerated  across  the  seal  without 
adversely  affecting  component  performance.  However,  in  a 
hut  gu-<  system  even  minute  leaks  can  cause  severe  erosion 
in  the  seal  layer  which  will  soon  develop  into  a  leak  and 
ultimate  component  malfunction.  Nonvcnted  leakage  of 
this  type  is  generally  hard  to  detect  unless  it  is  external  to 
the  component  vent  ports.  Manufacturing  techniques  and 


careful  inspection  of  teals  during  component  assembly  are 
perhaps  the  b»s*  methods  of  maintaining  the  integrity  of 
the  seals.  As  in  conventional  fluid  systems,  leakage  can 
result  in  aevere  lost  of  fluid  media.  Are  and  explosions,  and, 
ir  some  cases,  toxicity  .lizards  to  personnel. 

16.7.2.8  SIGNAL-TO-NOISE  RATIO.  Noise  k  defined  as 
the  peak-tc-peak  pressure  fluctuations  cn  the  signals  of  a 
fluidic  device  so  that  in  high-gain  circuit  the  signd-to-noise 
ratio  becomes  a  comparative  measure  of  element  perfor¬ 
mance.  Of  primary  concern  are  element  geometry,  fabrica¬ 
tion  method,  and  operating  conditions. 

There  are  several  fluidic  elements  potentially  capable  of 
operating  with  relatively  high  signai-to-noiae  ratios  (>200). 
Some  element  geometries  are  much  noisier  than  others; 
however,  these  devices  are  generally  of  the  digital  variety. 
The  turbulence  amplifier  is  particularly  susceptible  to 
external  vibration  and  shock,  and  the  edgetone  amplifier 
generates  considerable  internal  noise  since  the  device  is 
purposely  designed  unstable  to  enhance  switching  speed. 

16.7.2.9  STERILIZATION.  Complete  sterilization  of  all 
components  on  a  spacecraft  may  be  necessary  for  planetary 
missions  or  flyby  missions  to  the  planets.  One  method  of 
sterilization  involves  a  soak  ft  temperatures  up  to  300° F 
for  60  hours,  which  is  repeated  for  six  cycles.  A  mixture  of 
12  percent  ethylene  oxide  and  88  percent  Freon  is  also 
used  in  a  spray  for  surface  sterilization.  In  a  fluidic  system, 
the  materials  of  construction,  the  methods  of  fabrication 
and  assembly,  and  the  subsequent  handling  required  mu.i 
all  be  considered. 

16.7.2.10  CONTAMINATION.  Fluidic  elements  can  he 
designed  to  be  contamination  insensitive  by  utilizing  large 
nozzle  widths  (0.025  inch).  For  aerospace  application  this 
is  inconsistent  with  the  normal  requirements  for  low  power 
systems.  Therefore,  0.005  to  0.010-inch  nozzle  widths  are 
considered  more  practical  for  gas  systems  with  normal 
filtration  and  contamination  control  during  assembly. 
Estimates  as  to  the  smallest  practical  power  nozzle  width 
for  liquid-operated  systems  range  from  0.007  to  0.026  inch. 
The  decision  o&  width  must  be  tempered  by  the  required 
operational  life  and  the  fluid  properties  as  well  as  by  the 
fluid  contamination  level. 

16.7.2.11  SPACE  MAINTENANCE.  The  maintenance  of 
manned  and  unmanned  spacecraft  is  a  requirement  that  will 
involve  new  designs,  techniques,  and  procedures.  In-flight 
maintenance  will  be  necessary  during  space  travel  or  in 
orbiting  space  stations,  and  major  repairs  may  be  required 
on  vehicles  which  have  landed  on  the  moon  or  other 
celestial  bodies. 

Fluidic  elements  will  not  be  interchangeable  because 
integrated  circuitry  should  be  employed  in  spacecraft 
applications.  Maintenance  or  replacement  then  must  be 
considered  on  a  subsystem  basis.  The  problem  then 
becomes  one  of  the  usual  difficulties  which  would  be 
imposed  on  an  nr'ronaut  who  must  connect  and  disconnect 
conventional  fittings  or  even  specially-designed  quick- 
disconnect  fittings. 

16.7.2.12  SPACE  ENVIRONMENTS.  The  space  environ¬ 
ment  is  characterized  by  radiation,  vacuum,  zero  gravity, 
and  meteoroids  as  discussed  in  detail  in  Section  15.0  cf  this 
handbook.  Fluidic  systems  containing  no  moving  r  trts  or 
electrical  or  magnetic  elements  are  particularly  insensitive 
to  the  effects  of  radiation  and  zero  gravity.  A  vacuum 
environment  is  primarily  significant  insof^-  as  it  influences 
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venting  characteristics  and  increases  leakage  potential  by 
increasing  the  difference  between  system  and  ambient 
pressures.  The  meteoroid  hazard  is  essentially  the  same  for 
a  fluidic  system  aa  for  any  other  fluid  system  of  comparable 
size.  Fluidic  systems  for  in-space  applications  are  inherently 
unaffected  by  the  high  acceleration  and  vibration  levels 
associated  with  rocket  launch  transients,  and  may  also  be 
designed  to  function  during  launch  transients. 

16.7.3  Typical  Applications 

16.7.3.1  VORTEX  AMPLIFIER  CONTROLLED  SIT  VC 
A  successful  demonstration  of  a  vortex  amplifier  controlled 
secondary  injection  thrust  vector  control  (S(TVC)  system 
has  been  made  on  a  solid  propellant  rocket  motor  (Refer¬ 
ences  37-6,  37-11,  768-1).  The  vortex  amplifiers  utilized  in 
this  program  have  the  capability  of  modulating  a  750  psia, 
1  Ib/sec  flow  of  16  percent  aluminized,  5500°F  solid 
propellant  gas,  with  a  demonstrated  operating  time  of  50 
seconds.  The  rocket  motor  controlled  during  the  test  was  a 
NASA-furnished  model  EM-72,  which  is  a  22-mch  end 
burner  containing  400  pounds  of  propellant.  The  motor  is 
capable  of  producing  approximately  6800  pounds  of  thrust 
with  a  mass  flow  rate  of  30  lb/sec  for  13  seconds.  For 
comparison,  conventional  SITVC  systems  are  discussed  in 
Sub-Secticn  4.5  of  this  handbook. 

The  SITVC  (Figure  16.7.3.1a)  system  consisted  of  a  pilot 
stage  v'hich  provided  push-pull  control  of  two  SITVC  hot 
gas  vortex  amplifiers.  Hie  pilot  stage  contained  a  to.que 
motor  powered  flapper-nozzle  valve  which,  in  turn,  con¬ 
trolled  two  additional  vortex  amplifier*.  A  2000°F  solid 
propellant  gas  generator  (SPGG)  supplied  gas  to  the  pilot 
stage.  The  two  SITVC  vortex  amplifiers  were  supplied  with 
gas  from  an  auxilary  5500°F  SPGG.  The  SITVC  vortex 
amplifiers  were  installed  on  the  horizontally  positioned 
EM-72  rocket,  such  that  one  amplifier  injected  in  the 
engine  thrust  nozzle  vertical  plane  and  the  other  in  the 
horizontal  plane. 


'  ,  2000'  f 
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Figure  16.7.3.1a.  Schematic  of  Vortex  Velve  Controlled 
SITVC  System 

(Courtesy  of  Bendix  Research  Laboratories,  Southfield,  Michigan) 
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The  results  of  the  hot  gas  tests  conducted  at  Allegany 
Ballistics  Laboratory,  Cumberland,  Maryland,  in  Octo¬ 
ber  1967  (Reference  37-11),  showed  that  the  vortex  ampli¬ 
fier  controlled  SITVC  system  produced  side  forces  of  up  vo 
4  percent  of  the  main  engine  thrust.  The  SITVC  system 
materials  and  structure  were  able  to  control  and  handle  the 
flow  of  aluminized  5500*’ F  gas  for  over  50  seconds  with 
little  component  degradation.  The  need  for  fiat  response 
and  high  reliability  in  extreme  environments  suggests  the 
application  of  vortex  amplifiers  (Figure  16.7.3.1b).  Hie 
overall  frequency  response  of  the  SITVC  system  showed  a 
phase  lag  of  28  degrees  at  about  30  c-ps. 


Figure  16.7.7  1b.  6500°F  Vortex  Valve 
(Courtesy  of  Bendix  Research  Laboratories,  Southfield.  Michigan) 

A  possible  method  of  implementing  a  vortex  amplifier 
controlled  SITVC  system  on  a  buried  nozzle  solid  propel¬ 
lant  rocket  engine  is  shown  in  Figure  16.7.3.1c.  The  power 
stage  vortex  amplifiers  will  modulate  bleed  gas  directly 
from  the  rocket  motor  combustion  chamber  and  inject  it 
into  the  nozzle  for  thrust  vector  control.  A  similar  type 
system  is  possible  on  a  liquid  rocket  engine  using  an 
auxiliary  solid  or  liquid  propellant  gas  generator. 


Figure  16.7.3.1c.  Conceptual  Vortex  Valve  SiTVC  System  - 
Buried  Nozzle  Installation 

( Courtesy  of  Bendix  Research  Laboratories,  Southfield,  Michigan) 
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18.7.3.2  FLUIDIC  STALL  SENSQR.  An  application  of 
the  high-irapedanca  fluidic  pressure  aanaor  (see  Sub-Topic 
18.6.1)  ia  ita  uaa  aa  a  stall  aanaor  on  aerodynamic  surfaces 
tuch  aa  oirpiana  wings  and  halicopter  rotors  (Reference 
241-10).  Stall  on  a  wing  ia  the  condition  where  the  attached 
flow  encounters  an  tdrenc  pressure  gradient  and  detaches 
or  eeparatec. 

A  small  probe  similar  to  a  pitot  tube  is  positioned  just 
above  the  boundary  layer  on  a  wing  and  pointed  about 
15  degrees  aft  of  perpendicular  to  the  flow.  As  shown  in 
Figure  16.7.3.1,  the  attached  flow  aspirates  air  trom  the 
seneor  which  prevents  foreign  matter  from  entering  the 
system.  When  stall  occurs,  the  flow  over  the  sensor  becomes 
highly  turbulent  and  then  reverses,  so  that  flow  ia  no  longar 
aspirated  fr  om  the  sensor  but  is  resisted.  Some  of  the  flow 
from  the  bypass  (Figure  16.6.1c)  then  enters  the  control 
and  the  bistable  fluid  unplifler  is  switched.  This  operates  a 
red  plastic  piston  which  becomes  visible  in  the  cockpit  of 
the  plane.  A  row  of  these  indicators  is  connected  to  a  row 
of  stall  sensor  ayatema  on  the  wing.  Aa  (tall  becomes 
progressively  worse,  more  red  pistons  become  visible  to 
form  a  lengthening  red  line  which  indicates  to  the  pilot  that 
his  lift  or  margin  of  safety  ia  decreasing. 


Figure  16.7.3.2.  Fluoric  Stall  Se.wo »  Indicating  (A)  No  SitaH 
(Piston  Up);  lb!  Stall  (Piston  Down) 

16.7.3.3  FLUIDIC  BOW  THRUSTER.  A  new  concept  in 
bow  thruster  design  for  ship#  utilises  a  marine  diverter  valve 
which  operates  on  the  principle  shown  in  Figure  16.7.3.3a. 


Figure  16.7.3.3*.  Marina  Divertar  Valve  Principle 

In  the  neutral  position,  air  is  entrained  from  both  the  port 
and  starboard  controls,  and  the  supply  is  equally  divided 
between  the  two  outputs.  When  the  starboard  control  port 
ia  blocked,  the  supply  of  entrained  air  on  that  aide  ia  cut 
off.  Continued  air  entrainment  by  the  water  jet  produces  an 
area  of  reduced  pressure  near  the  mouth  of  the  closed 
control  port.  The  resultant  pressure  difference  across  the  jet 
causes  it  to  move  to  the  blocked  side,  as  shown.  Once  the 
sea-water  jet  has  locked  on  the  one  wall,  both  control  ports 
may  be  closed  and  the  jet  will  continue  to  flow  through  the 
starboard  discharge  leg.  The  jet  can  be  switched  to  the  port 
side  by  opening  the  starboard  control  and  closing  the  port 
control. 

The  initial  prototype  bow  thruster  was  successfully  tested 
on  a  36-ton  barge.  Several  large  two-stage  diverter  units 
(Figure  16.7. 3. 3o)  have  been  built  for  experimental  use  by 
the  U.S.  Navy.  Servo  operated  control  ports  allow  full 
diversion  of  the  thruster  jet  to  either  side  of  a  ship.  Lateral 
forces  and  steerage  for  the  ship  are  possible  even  when  the 
ship  is  stationary. 


Figure  16.7.3.3b.  Two-Stags  Fluidic  Bow  Thruster 

(Courtesy  of  Bowies  Engineering  Corporetion, 

Silver  Springs,  Maryland) 

There  it  no  limit  on  the  size  of  fluidic  bow  thrusters  which 
can  be  designed.  Thrust  levels  are  determined  by  the  size  of 
the  pump  supplying  the  unit.  Because  of  their  geometry 
and  relatively  small  aize,  fluidic  thrusters  can  be  located  in 
the  extremity  of  the  bow  or  stem.  Also,  since  the  unit  can 
usually  be  located  deep  within  the  vessel’s  hull,  with  its 
pump  taking  bottom  suction,  the  thrust  remains  operable  at 
v-ry  shallow  draft  and  is  unaffected  by  surfac  ice  or 
floating  debris. 
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16.7.3.4  FLUIDIC  POWER  AMPLIFIER.  Thu  prototype 
fluidic  system  waa  developed  to  operate  a  displacement 
actuator  on  a  nuclear  rocket  control  drum  drive  unit 
(Reference  37-10).  The  ayatem  utilizes  a  low  power 
pneumatic  input  aignal,  its  output  characteriatica  are  similar 
to  those  of  a  four-way  open-centered  servovalve,  and  it 
incorporates  frequency-variant  load  pressure  feedback. 
Having  no  moving  parts,  it  should  be  particularly  advan¬ 
tageous  for  operation  in  cryogenic,  high  temperature,  and 
radiation  environments. 

The  fluidic  system  for  operating  a  displacement  actuator  is 
shown  schematically  in  Figure  16.7.3.4a.  Three  ft.'idic 
components  are  used:  the  vortex  amplifier,  the  jet  p  opui" 
tional  amplifier,  and  the  confined- jet  amplifier.  The  power 
stage  basically  consists  of  two  vortex  pressure  amplifiers, 
controlled  in  a  push-pull  operating  mode.  An  increase  in 
control  pressure  Pc|  diverts  the  flow  leaving  the  output 
orifice  of  one  vortex  pressure  amplifier  and  reduces  the 
recovered  load  flow  and  pressure.  A  rimultaneous  reduction 
of  r'cj  converges  the  flow  leaving  the  opposite  vortex 
amplifier  and  increases  the  load  flow  and  pressure  recovery. 
The  result  is  a  differential  pressure  (P2  —  Pj )  across  the 
load  and  a  load  flow  depending  on  the  load  force 
requirements. 


Figure  16.7.3.4a.  FMdic  Power  Amplifier  Schematic 

( Courtly  of  Bendix  Research  Laboratories,  Southfield,  Michigan) 

When  the  power  stage  is  used  to  drive  a  load,  such  as  a 
two-way  piston  actuator  or  gear  motor,  it  is  neceasarv  for 
one  pressure  amplifier  to  exhcuat  the  flow  from  the  low 
pressure  aide  of  the  actuator  when  the  actuator  ia  moving. 
The  backflow  is  exhausted  back  through  *he  flow  receiver 
and  then  out  through  the  urea  between  the  vortex  chamber 
outlet  and  the  receiver  entrance.  The  resistance  to  backflow 
is  reduced  when  the  control  pressure  is  inct  eased  because 
the  vortex  chamber  outlet  flow  is  reduced  and  is  diverted  to 
exhaust. 


The  pilot  stage  includes  a  jet-on-jet  proportional  amplifier, 
an  ejector,  two  confined-jet  amplifiers,  and  two  summing 
vortex  amplifiers.  The  jet-on-jet  proportional  amplifier 
provides  the  differential  control  flow  to  the  power  stage 
supply  vortex  amplifiers.  The  exhaust  flow  from  the 
jet.-on-jet  proportional  amplifier  is  recovered  in  the  supply 
flow  to  the  power  stage  which  increases  the  flow  recovery 
of  the  system. 

Two  summing  vortex  amplifiers  are  used  to  introduce  the 
servovalve  input  signals  The  control  input  to  these  units 
has  a  pressure  bias  so  that  an  input  signal  consists  of 
lowering  control  pressure  to  one  unit  and  raising  it  to  the 
other.  To  achieve  dynamic  load  pressure  feedback,  each 
summing  vortex  amplifier  also  includes  two  opposing 
control  ports  which  are  connected  to  the  servovalve  output 
p^.'ts  through  a  frequency-sensitive  pneumatic  filter.  The 
summing  vortex  amplifiers  control  the  vent  flow  (and  thus 
the  output  pressure)  cf  the  cor Hned-jet  amplifiers  which 
supply  the  control  porta  of  the  jet-on-jet  proportional 
amplifier.  This  system  is  capable  of  accepting  a  low-level 
differentia]  control  signal  and  optimally  controlling  a 
displacement  actuator.  Performance  of  the  prototype  sys¬ 
tem  is  summarized  in  Table  16.7.3.4,  and  the  output 
cha .  acteristics  are  shown  in  Figure  16.7.3  4b.  Predicted 
performance  of  an  optimized  design  based  on  state-of-the- 
art  components  is  shown  in  Figure  16.7.3.4c. 


Table  16.7.3.4.  Fluidic  Power  Amplifier  Performance 
Usirty  Nitrogen 

(Courtesy  of  Bendix  Research  Laboratories. 
Southfield,  Michigan) 


Item 

Fowe.  Stage 
Vortex  Pressure 
Amplifier 

1 )  Supply  pressure 

148  N/cm:  (215  psia) 

2)  Exhaust  pressure 

34.5  N/cm2  (50  psia) 

3)  Flow  recovery 

50% 

4)  Rated  input  signal 

10  N/cra1  (14.5  psi) 

5)  Input  signal  pressure  bias 

r3.7  N/cm2  (76.7  psia) 

6)  Total  input  power 

10.5  watts 

7)  Rated  no-load  flow 

3.0  gm/sec  (0.0067  pria) 

8)  Pressure  recovery 

67  N/cm2  (93  psi) 

9)  Linearity  deviation 

19% 

Gain  variation 

2  times 

10)  Stability 

9  N/cm2  (13.1  psi) 

11)  Transient  response 

0.110  sec 

0.190  sec 

12)  Frequency  response 

20°  @  5  cps 

Phase  shift 

90°  @45  cps 

Amplitude  ratio 

±1.7  db 

13)  Threshold 

1% 

14)  Hysteresis 

3% 
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Figure  16.7 .C. 4b.  Fluidic  Servovalve  -  Output  Characteristics 

(Court*./  of  BenOix  Research  Laboratories,  Southfield,  Michigan I 


Figure  16.7.3.4c.  Predicted  Performance  Potential 

(Courtesy  of  Bendix  Research  Laboratories,  Southfield,  Michigan) 


16.7.3.5  TIM  ROLL  CONTROL  SYSTFV.  The  first  suc¬ 
cessful  use  of  a  fluidic  control  system  in  a  missile  flight  wss 
in  September  1964  on  the  Test  Instrumentation  Misnile 
(TIM)  which  is  a  modified  version  of  the  Little  John 
Rocket  (References  332-99  and  564-15).  Stored  cold 
nitrogen  gas  vs  ivwd  ar  the  power  source,  and  supersonic 
bistable  reaction  amplifiers  were  used  as  the  control 
moment  producers.  The  stabilisation  fins  on  the  aft  end  of 
the  missile  wars  purposely  canted  to  provide  a  disturbance 
torque  of  5  ft-lb  and  a  roll  .ate  of  about  100  deg/aec. 
During  the  flight  test,  ths  control  system  operated  correctly 
since  the  reaction  jets  were  on  in  a  direction  to  oppose  the 
impressed  roll  rate.  This  point  was  proven  by  a  measured 
increase  in  the  missile  roll  rate  after  the  control  system 
supply  nitrogen  was  exhausted. 

A  schematic  of  the  TIM  control  system  is  shown  In  Figure 
16.7.3.5a.  The  power  section  of  the  system  was  controlled 
by  a  high  flow  dome-type  regulator  which  was  activated  at 
launch  by  a  solenoid  valve.  A  combination  of  proportional, 
bistable,  and  supersonic  fluidic  devices  was  used  with  a 
vortex  rate  sensor  to  form  the  -oil  control  function.  As  seen 
in  Figure  16.7.3.6b,  the  system  utilises  a  bistable  rate 
damper  with  an  integrator  to  minimise  the  roll  attitude 
drift.  Integration  is  accomplished  with  a  resistor-capncitor 
combination  (first  order  lag  circuit)  with  a  long  time 
constant.  The  syatem  operates  in  a  limit  cycle  or  bang-bang 
mode  at  a  frequency  and  amplitnde  dependent  upon  the 
system’s  threshold  and  the  time  delays  of  the  various 
components.  During  the  limit  cycle,  the  bistable  moment 
producer  output  and  vehicle  acceleration  are  square  waves 
with  s  frequency  of  approximately  3  cpe.  Vehicle  ret*  is 
determined  by  the  integration  of  this  wave. 
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Figure  16.7.3.5a.  TIM  Fluidic  Control  System 
(Adapted  with  permission  from  Reference  332-29, 
"The  Development  end  Flight  of  e  Fun  Fluid 
Missile  Control  System, "  AIAA/IGCC 
Paper  No.  A66- 10020,  B.  J.  Clayton 
and  W,  M.  Posingies,  A'rnust  1965) 
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Figure  16.7.3.5b.  TIM  Control  System  Block  Diagram 

(Adapted  with  permission  from  Reference  332-29,  "The 
Development  and  Flight  of  a  Pure  Fluid  Missile  Control 
System",  AIAA/IGCC  Paper  No.  A66-10020, 

8.  J.  Clayton  and  'V.  M.  Posingies, 

August  ) 965 / 
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16.7.3.6  THRUST  REVERSING  SEQUENCE  CON¬ 
TROL.  This  fluidic  tyittm  wu  developed  to  perform  tlie 
sequencing  functions  in  an  aircraft  turbojet  engine  thrust 
reversing  system  (Reference  766-9).  The  thrust  reversing 
system  is  shown  schematically  in  Figure  16.7.3.6a.  It  is 
essentially  a  two-position  system  (one  for  direct  thrust  and 
one  for  reversing)  with  interlocks  and  detectors,  with  the 
following  requirements: 

a)  When  the  reversing  thrust  command  occurs  it  unlocks 
the  obstacles,  places  the  obstacles  in  reversing  position  if 
unlocking  has  taken  place,  and  locks  the  obstacles  in  the 
reversing  position. 

b)  When  a  direct  thrust  command  occurs  it  unlocks  the 
obstacles,  places  the  obstacles  in  direct  position  if 
unlocking  has  taken  place,  and  locks  the  obstacles  in 
direct  position. 

c)  All  the  above  1  .ict-on*  may  be  realized  with  a  simple 
pulse  command. 


A  schematic  of  the  fluidic  control  circuit  is  shown  in  Figure 
16.7.3.6b.  The  input  ard  output  signals  are  defined  below 
and  are  also  indicated  in  Figure  16  7.3.6a. 

The  input  signals  are: 

A  —  reversing  thrust  command 

B  —  direct  thrust  command 

C  —  direct  thrust  sensor 

D  —  reversing  thrust  sensor 

E  —  unlocking  detector 

The  output  signals  are: 

R  —  reversing 

J  —  direct 

D|  —  unlocking 


Figure  16.7.3.8a.  Schematic  of  Thrust  Reversing  Svstem 
(Adapted  with  permission  from  Reference  756-9,  "Fluidic  Thrust 
Reversing  Control  System"  3rd  Cran field  Fluidics  Conference 
Piper  Jt,  J.  P,  Champignon  and  A.  A.  Thiney.  May  1958) 


V  —  locking 

The  system  actuator  is  operated  on  turbine  bleed  air  at 
absolute  pressures  ranging  from  30  to  30C  paia  depending 
on  the  running  condition  of  the  turbine.  It  was  also  found 
practical  to  operate  the  fluidic  circuit  in  this  supply 
pressure  range  by  maintaining  the  supply  to  vent  pressure 
ratio  Ps/Pv  relatively  constant.  This  was  accomplished 
(Figure  16.7.3.6c)  by  installing  the  flu*dic  circuit  in  an 
enclosed  chamber  and  venting  the  chamber  to  the  atmos¬ 
phere  throunH  a  fixed  orifice. _ 


Figure  16.7.3.6b.  Fluidic  Control  Circuit  Svttem 

f  Adapted  with  permission  from  Reference  756-9,  "Fluidic  Thrust 
Reversing  Control  System",  3rd  Cranfieid  Fluidics  Conference, 
Paper  J1,  J.  P.  Champagnon  and  A.  A  Thiney,  May  1963) 

SUPPLY 


Figure  16.7.3.6c.  Fluidic  System  Operating  Conditions 

t Adapted  with  permission  from  Reference  756-9,  " Fluidic  Thrust 
Reversing  Control  System",  3rd  Cranfieid  Fluidics  Conference, 
Paper  J1,  J.  P.  Champagnon  and  A.  A.  Thiney,  May  1968) 
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This  application  ia  unique  in  that  the  fluidic  circuit  ia 
integrated  in  one  monolithic  block  using  the  Corning 
Fotoceram  fabrication  proceaa.  All  inputa,  output*,  and 
aupply  to  the  circuit  are  located  on  on*  face  of  the  block 
which  ia  poliahed  prior  to  mounting  on  the  thrust  revener 
power  input  (Figure  16.7.3.6c).  The  block  is  held  in  place 
wit',  three  screws,  and  the  vent  chamber  ia  simply  a  formed 
metal  cap  installed  over  the  circuit  block  This  system  waa 
developed  in  France  and  is  typical  of  the  trend  in  Europe 
toward  utilising  fluidic:  because  of  the  price  advantage  as 
writ  as  the  obvious  intrinsic  advantages. 


CMAntlfRWITH  CALIBRATED 


FOWER  OUTPUTS  TO  CONTROL  CYLINDERS 

Figure  10.7.3  '  Mounting  ot  FtuMfci  Ctrcurt  on  Foster  Unit 
(Adapted  with  p*,  mission  from  Reference  756-9.  “ Fluidic  Thrust 

Reversing  Control  System ",  3rd  Cranfiefd  Fluidics  Conference. 

Paper  J1.  J.  P.  Chempagnon  and  A.  A.  Thiney.  May  1968 ) 

16.7.3.7  VTOL  AIRCRAFT  CONTROLS.  An  expert 
mental  attitude  control  system  is  under  development  for 
the  hover  control  of  turbojet-powered  Vi*OL  (vertical 
take-off  and  landing)  aircraft  which  makes  expensive  use  of 
fluidic  devices  (Reference  332-31).  Two  systems  are  being 
developed,  a  thrust  modulation  system  for  pitch  axis 
control  and  a  bleed  air  powered  reaction  jet  system  for  roll 
control.  Sensing,  amplification,  and  actuation  within  these 
systems  are  all  accomplished  fluidically.  Rate  sensing  is 
accomplished  with  a  vortex  rate  sensor,  and  s’titude 
information  ia  provided  by  a  gim  ball  ess  attitude  sensor. 
Thrust  modulation  is  accomplished  with  a  fluidic  engine 
control  system  and  large  bistable  fluidic  amplifiers  are  used 
to  power  the  reaction  jets.  The  combined  system  has  beer, 
breadhoarded  for  teal  on  a  special-purpose  single  degree  of 
freedom  simulator  with  two  J-B6  turbojet  engines  and 
equivalent  coll  attitude  control  reaction  jets. 

Block  diagrams  of  the  pitch  and  roll  control  systems  for  the 
baseline  configuration  are  shown  in  Figures  16. 7. 3. 7a  and 
16.7.3.7b.  The  only  change  from  these  block  diagrams  for 
simulator  operation  is  the  reduction  in  number  of  engines 
being  controlled  to  two.  Corres*  onding  fluidic  nechaniza- 
t;on  schematic!  are  shown  in  Figures  16.7.3.7c  and 
16.7. 3.7d.  Systems  are  being  implemented  using  fluidic 
devices  with  no  mechanical  linkages  or  electronics  and  a 
minimum  of  moving  parts.  Power  foi  operation  ia  obtained 
from  compressor  discharge  bleed  air  of  the  simulator 
engines. 

Rate  signals  for  both  axes  arc  obtained  from  individual 
vortex  rate  sensors.  Attitude  information  ia  obtained  from  a 
two-axis  pneumatically-driven  attitude  sensor.  A  separate 
attitude  sensor  is  used  in  each  axis,  however,  due  to  the 
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Figure  10.7.3.7a.  Pitch  Axis  Control  System 
(Adapted  with  permission  from  Reference  332-31,  'A  Fluidic 
Approach  to  Control  of  VTOL  Aircraft ",  AIAA/JACC 
Guidance  end  Jontrol  Conference,  J.  L.  Haugen, 

August  1966/ 


Figure  16.7.3.7b.  Roll  Axis  Control  System 

I Ach pted  with  permission  from  Reference  332-31,  "A  Fluidic 
Aoproach  to  Control  of  VTOL  Aircraft”.  AIAA/JACC 
Guidance  and  Control  Conference,  J.  L.  Haugen, 

August  1966) 

separation  of  operation  of  these  «*ies  of  control  on  the 
simulator.  The  pressure  differential  signals  from  these 
sensors  are  amplified  and  summed  using  proportional  fluid 
amplifiers. 

In  the  pitch  axis,  the  resultant  pressure  differentials  are 
transmitted  in  rnalog  form  through  3/16-inch  diameter 
tubing  to  the  individual  engines.  At  the  engines,  the 
attitude  control  signals  are  summed  with  the  collective 
throttle  commands  and  feedback  signals  from  the  fluidic 
engine  control.  The  summed  differential  pressure  is  applied 
across  a  flapper  nozzle  by  means  of  bellows  to  control  the 
fuel-metering  vai  ,'e  and  to  vary  engine  thrust. 

In  the  roll  axis,  torque  output  is  achieved  with  reaction  jets 
powered  by  air  bleed  from  the  engine  comp.essors.  These 
reaction  jets  are,  for  the  tmidic  system,  bistable  fluid 
amplifiers  with  supersonic  power  nozzles.  In  order  to 
achieve  proportional  control,  these  jets  are  pulse  width 
modulated.  Therefore,  tne  analog  error  signals  urive  a  p*ir 
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Figure  16.7.3.7c.  Fitch  Axis  Fluid  Schematic 

(Adapted  with  permission  from  Reference  332-31.  "A  Ciuidic  Approach  to  Control  of  VTOL  Aircraft”, 
AIAA/JACC  Guidance  and  Control  Conference.  J.  L.  Haugen,  August  1966) 


Figure  16.7 .3.7d.  Roll  Ax  it  cfciid  Schematic 
(Adapted  with  permission  from  Reference  332-3 1 ,  "A  Fluidic 
Approach  to  Control  of  VTOL  Aircraft",  AIAA/JACC 
Guidance  end  Control  Conference,  J.  L  Haugen, 

August  1966) 

of  pulse  width  modulator*  operating  at  a  nominal  fre¬ 
quency  of  40  cp».  Signal*  are  then  transmitted  to  the  wing 
tip  reaction  jetr  as  pulse  train*  using  3/16-inch  diameter 
tubing.  The  signal  level  is  raised  at  the  wing  tip  by  a  series 
of  bistable  supersonic  power  amplifiers  to  the  level  neces¬ 
sary  for  reaction  jet  triggering. 


On  the  actual  VTOL  aircraft,  reaction  jets  on  both  wings 
would  normally  be  biased  in  the  downward  direction  to 
conserve  thrust.  With  an  error  signal  present,  one  jet  is 
deflected  upward  and  the  other  remains  biased  downward 
yielding  a  torque  couple.  The  length  of  time  the  jet  is 
deflected  upward  is  a  function  of  error  signal  magnitude. 
For  very  small  error  sigiials,  Uie  jet  points  upward  for  the 
minimum  modulator  pulse  width.  For  large  error  signals, 
the  modulator  goes  hardover  and  the  jet  is  directed  upward 
continuously  until  the  error  signal  is  reduced. 

This  bistable  method  of  roll  control  has  a  number  of 
advantages  over  the  more  conventional  systems  using 
area-modulated  reaction  jits: 

a)  Reaction  control  is  achieved  without  any  moving  parts 

b)  The  continuous  flow  through  both  ducts  minimizes  duct 
dynamics,  resulting  in  lighter  ducts 

c)  The  bistable  jets  <dve  high  response;  they  can  be 
switched  in  excess  of  100  cps  if  des.red 

d)  Since  both  halves  of  the  bleed  air  duct  are  flowing  full 
at  all  times,  the  duct  need  have  only  one-half  the  area  of 
one  for  a  conservative  system  (control  thrust  always 
pointed  downstream) 

e)  Redundancy  is  easy  to  implement 
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Thv  chief  disadvantage  of  this  rystem  is  the  feet  that  thrust 
ie  not  always  conferred,  i.e  ...  the  level  control  system  is 
flowing  constantly  even  when  there  U  no  attitude  error  to 
be  corrected.  However,  a  maximum  of  one-half  of  the 
thru  t  can  be  deflected  upwa/t*  at  any  time.  Also,  in  a 
typical  Vl*OL  aircraft  going  through  transition  between 
vertical  and  horlsontal  flight,  the  average  thrust  command 
will  only  be  approximately  10  percent  of  the  peak  com¬ 
mand.  Therefore,  a  maximum  of  5  percent  of  the  integrated 
roll  impute*  will  be  lost. 


16.7.3.8  ROCKET  ENGINE  SEQUENCE  CONTROL.  A 
sequence  control  for  a  large,  pump-fed,  regeneratively 
coolod,  cryogenic  liquid  rt  cket  engine  was  breadboarded 
and  successfully  tested  with  helium  (Reference  664-19). 
The  sequence  control  system  is  required  to  start  and  shut 
down  the  rocket  engine  upon  command,  to  monitor  the 
program  of  the  start,  and  to  activate  engine  shutoff 
automatically  in  the  event  of  malfunction.  In  addition,  a 
p restart  logic  circuit  ensurec  Jiat  the  engine  is  in  the  proper 
state  prior  to  acceptance  of  the  start  signal. 


The  time-based  sequence  requirements  for  the  control  ore 
shown  in  Figure  16.7.3.8a.  Prior  to  start,  the  conditions  of 
the  components  to  be  control.ed  are:  the  electrical  ignition 
spark  exciter  system  is  off;  both  main  propellant  vaivee  are 
closed;  the  start  valve,  a  valve  which  controls  the  applica¬ 
tion  of  high  pressure  gas  to  the  turbines  during  start,  is 
dosed;  the  engine  pneumatic  regulator  is  off;  and  the  fitel 
bypass  valve,  a  valve  which  bypasses  fuel  around  the  thrust 
chamber  cooling  tube  bundle  during  the  aU't,  is  open.  All 
valves  are  pneumatically  actuated  by  four-way  valves  which 
are  sequenced  by  the  engine  controller. 
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Activation  of  the  logic-supply  pressure  initiates  the  logic- 
ready  circuit  The  engine  ttart  signal  is  applied  to  the 
controller  after  the  logic-ready  signal  is  received  from  the 
controller.  This  initiates  the  engine  pneumatic  regulator 
control,  the  engine  fuel  control,  the  engine  ignition  control, 
and  timer  Tl.  The  regulator  control  puts  the  engine 
pressure  regulator  on  line,  providing  the  means  or  actuating 
the  engine  valves.  The  fuel  control  causes  the  main  fuel 
valve  to  open.  Prior  to  expirat'on  of  timer  a7,  a  check  is 
accomplished  to  ensure  that  the  main  fuel  valve  has  been 


opened  and  that  the  angina  spark  exciters  are  activated.  If 
neither  of  theee  have  occurred  *vhen  timer  Tl  expiree,  the 
engine  is  abut  down  by  an  intamal  cutoff  circuit.  Assuming 
cutoff  does  not  occur,  tha  engine  thnut  chamber  haa  sparks 
excited,  low-preesure  fuel,  and  no  oxidizer.  When  timer  Tl 
expires,  the  start  valve  is  opened,  the  main  oxidiser  valve  la 
opened  slightly,  and  two  more  timers  (T2  and  T3)  are 
started.  The  turbopumps  are  accelerated  by  high-pressure 
gee  that  haa  been  released  by  the  start  valve.  Ignition  occurs 
in  the  thrust  ch-unbor  as  the  oxidiser  enters.  When  timer  T2 
expires,  the  oxidiser  control  and  timers  T4  and  T6  are 
activated.  The  oxidiser  control  causes  the  main  oxidiser 
valve  to  go  to  full  open  and  thrust  begins  to  build  up.  Just 
after  this,  timer  T3  expires  and  the  start  valve  cioaea, 
shutting  down  the  Initial  source  of  turbine  power.  A  new 
source  is  no-,  i  available  and  is  obtained  by  the  bleeding  of 
combustion  products  from  the  thrust  chamber. 

When  the  thrust  buildup  reaches  s  predetermined  value,  a 
mainatage  OK  signal  la  received  by  the  control  to  indicate 
that  a  satisfactory  start  ha*  beer  achieved.  If  this  signal  haa 
not  been  received  when  timer  T4  expires,  the  cutoff  circuit 
is  activated  and  the  engine  automatically  shuts  down.  If  it 
haa  been  received  at  this  time,  the  fuel  bypass  valve  is 
closed.  When  timer  T5  expires,  the  ignition  system  is  turned 
off  and  the  start  sequence  is  complete. 

Upon  receipt  of  the  cutoff  signal,  the  fuel  and  oxidiser 
controls  are  deactivated,  causing  both  engine  propellant 
valves  to  be  cioeed,  and  timer  T6  is  activated.  When  timer 
T6  expires,  the  regulator  is  shut  down,  and  the  engine 
cutoff  sequence  is  complete.  This  method  of  sequencing 
provides  the  valves  with  sufficient  pneumatic  power  to 
close  during  cutoff. 

The  fluidic  sequence  control  system  is  shown  schematically 
in  Figure  16.7.3.8b.  It  was  implemented  with  37  OR  gates 
and  6  bistable  element,  which  are  used  in  the  timer  circuits. 
The  t<men  are  adjustable  in  the  following  i.ngee;  0.2  to  1.0 
second,  0.6  to  0.2  second,  and  2  to  8  seconds,  with  s 
typical  timing  accuracy  of  ±10  percent.  System  supply 
pressure  is  20  psig,  with  s  supply  flow  of  6.8  scfm. 


Although  the  system  has  proved  feasible,  power  drains  are 
excessively  high;  however,  this  can  be  substantially  reduced 
by  the  utilization  of  low  power  logic  elements.  A  reduction 
in  the  number  of  logic  elements  is  also  possible  by  utilising 
elements  with  higher  fan-in  and  fan-out  and  through  the  use 
1  of  logic  elements  other  than  the  OR,  in  particular  a  passive 
AND. 

16.7.3.9  FLIGHT  SUIT  CONTROL  SYSTEM.  A  proto 
type  automatic  temperature  control  system  ror  liquid 
cooled  flight  suits  was  developed  by  Honevwell  for  the 
Navy’s  Aerospace  Crew  Equipment  Laboratory  (Reference 
6-231).  The  system  incorporates  direct  sensing  and  control 
of  skin  temperature  which  is  accomplished  in  each  of  four 
zonec  by  the  flow  modulation  and  mixing  of  cold  and  warm 
fluid  supplies  in  response  to  a  sensor  signal.  The  main 
components  of  the  control  system  are  mounted  on  a 
w«.b- 1  ike  undergarment  which  the  pilct  wears  under  his 
outer  flight  suit.  The  flight  suit  control  system  functioned 
extremely  well  during  tests  with  a  human  subject  both  at 
rest  and  at  various  levels  of  activity.  This  example  is 
particularly  interesting  b  'cause  the  fluidic-  system  uses 
liquid  media  throughout. 

The  complete  system  consists  of  f oar  skin  temperature 
sensors,  four  fluid  control  modules,  a  bias  control  (for 
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act-point  adjustment),  and  the  necessary  interconnecting 
tubing  (Figure  16.7.3.9a).  Control  aon^a  with  skin  tempera¬ 
ture  sensors  are  located  on  the  upper  legs  and  upper  arms. 
Hie  torso  is  integrated  into  the  arm  sonea  with  each  half  of 
the  torso  controlled  by  the  adjacent  arm  sons.  A  separate 
control  module  is  provided  for  each  sons.  An  external 
refrigeration  unit  supplies  cold,  constant- temperature  fluid 
to  the  bids  control,  sensors,  and  control  modules.  A  heating 
unit,  also  externally  located,  raises  coolant  temperature 
(and  hence,  ikin  temperature)  when  the  pilot’s  physical 
activity  is  too  low  to  supply  natural  body  heat.  One  main 
bias  valve  changes  coolant  temperature  tr  all  four  zones 
simultaneously.  Individual  bias  valves  enable  each  bias 
pressure  to  be  balanced  npsinst  the  sensor  for  that  zone. 


is  each  zono,  the  toluene  fill  of  the  sensor  bulb  expands 
against  the  valve  diaphragm  when  the  skin  temperature  rises 
(Figure  16.7.3.9b).  The  diaphragm  moves  the  ball  closer  to 
the  valve  seat,  which  drops  the  pressure  at  the  signal 
amplifier’s  right  control  port,  so  that  the  cold  fluid  flow  in 
the  right  output  leg  is  increased.  This  action  —  cold  fluid 
flowing  «nto  the  signal  amplifier’s  right  leg  (Figure 
16.7  3.9c)  —  increases  pressure  st  the  respective  left  control 
ports  of  the  cold  and  warm  diverters,  thus  increasing  cold 
power  jet  liow  into  the  suit  coolant  line  while  simultane¬ 
ously  decreasing  the  warm  power  jet  flow  into  the  suit 
coolant  line.  This  cools  the  skin  in  the  control  zone  area. 
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Figure  16.7.3.9c.  Control  Module  Circuit 


Figure  16,7.3  9e  Flight  Suit  Tempereture  Contnl  S/ttem 
I  Adapted  with  permnston  from  Raftranca  6-231,  "Hydraulics 
Mid  Pneumatics",  Noeembnr  1968,  not.  21,  no.  II, 
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Figure  16.7.3.0b.  Sensor-Signal  Amplifier  Circuit 
(Adapted  with  permission  Irom  Reference  6-231,  "Hydraulics 
jnd  Pneumatics",  November  J968.  vol.  21.  no.  11. 
f  C.  Zoerbl 


10.8  ANALYSIS  AND  DESIGN 
16.8.1  fi  traduction 

Tim  rub- sec  lion  provides  a  guide  to  the  analysis  and  design 
of  fluidic  control  systems.  Reference  information  U  pro¬ 
vided  to  facilitate  the  design  of  beam  deflection,  wall 
attachment,  and  vortex  amplifier*.,  and  the  use  cf  passive 
circuit  elements,  i.e.,  resistors,  capacitors,  inductors,  and 
lines.  An  introduction  to  control  circuit  design  is  also 
presented.  Digital  circuit  (design,  including  binary  arithme¬ 
tic,  logic  symbols,  and  digital  logic  operators  are  covered  in 
some  detail.  The  important  fluidic  operational  amplifier 
circuits  are  also  covered,  including  the  implementation  of  a 
number  of  dynamic  shaping  networks.  Finally,  computer 
aided  design  techniques  based  on  prr^rammed  solutions  on 
analog,  digital,  and  hybrid  computers  are  covered. 
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16.8.2  Basic  Circuit  Etomwnts  and  Components 

Circuit  element*  and  component*  *re  the  lea*t  common 
denurtdnaloni  in  the  fluidic  field  which  are  interconnected 
to  form  circuit*.  The  designer  considering  the  development 
of  j.  fluidic  system  must  realize  that  moot  active  fluidic 
dc  ices  have  been  brought  to  fruition  by  cut-and-try 
methods.  Many  of  the  basic  geometries  have  bee”  tested 
over  a  broad  range  of  sizes  and  operating  prec.su res. 
Comprehensive  analysis  has  led  to  useful  empirical  formulae 
and  design  criteria  which  define  the  interdependence  of  the 
supply  and  control  jets  upon  each  other  and  their  mutual 
dependence  on  the  interaction  region  geometry,  aspect 
ratio,  output  configuration,  and  loading.  Only  computers 
can  cope  with  the  mathematics  -involved  with  the  purely 
analytical  design  of  fluidic  components,  and  some  progress 
has  been  made  in  this  area. 

Passive  circuit  elemei  a,  such  as  restrictors,  lines,  capaci¬ 
tors,  and  inductors,  are  generally  needed  when  assembling 
fluidic  elements  in  digital  or  analog  circuits.  Since  these 
elements  have  been  used  in  hydraulic  and  pneumatic 
circuitry  for  a  long  time,  their  performance  is  well 
documented.  Passive  elements  produce  no  gain  and  conse¬ 
quently  require  no  separate  power  supply.  Mass  flow  is 
considered  analogous  to  current,  and  pietsure  analogous  to 
voltage.  A  fluid  impedance  produt  a  pressure  drop  as  a 
function  of  the  flow  through  it.  Algebraic  representation  of 
the  impedance  may  be  composed  of  either  real  or  puie 
imaginary  parts  or  both.  Section  3.0  of  this  handbook 
summarizes  basic  fluid  mechanics  and  provides  data  on  the 
performance  of  passive  elements  such  as  the  pressure  drop 
through  orifices. 

Simple  orifices  are  generally  used  to  provide  a  fluid 
resistance.  When  orifices  are  used  with  low  pressure  gases  »>• 
incompressible  fluids,  their  pressure-flow  characteristics 
follow  the  square  law  relationship  and  hence  are  nonlinear. 
Tube  resistors  fabricated  from  metal  or  glass  capillaries  and 
porous  plugs  can  provide  essentially  linear  characteristics 
but  may  also  hr/.e  significant  inductance.  The  primary 
problem  with  pierent  laminar  fluid  resistors  is  a  narrow 
linear  range  wnich  must  be  carefully  selected. 

In  a  capacitor  the  pressure  drop  lags  the  flow  hy  a  phase 
angle  of  90  degrees.  Ideally,  only  compressible  fluids  show 
capacitiv*  effects,  and  in  low  pressure  designs  capacitive 
effects  on  most  liquid*  ore  neglected.  In  circuits  employing 
compressible  fluids,  the  analog  of  the  electrical  capacitor  is 
simply  a  voiuina.  Shunt  capacitance  is  the  only  tvoe  that 
ra  he  obtained  without  moving  parts.  The  series  capaci¬ 
tance  (i.e.,  coupling  capacitor)  requires  ?  diaphragm;  the 
same  .effec  t  can  be  accomplished  fluidically  by  the  use  of 
differentiating  circuits  employing  operational  amplifiers. 

In  an  inductor,  the  pressure  drop  leads  the  flow  by  a  phase 
angle  of  90  degrees.  An  acceptable  fluid  inductor  can  be 
tmde  from  long  tubes;  however,  in  most  cases  fluid 
inductance  can  be  neglected  with  respect  to  resistance. 


e)  Length  of  the  inter.n  t  ion  region 

f)  location  and  sli  -p<-  •>!  the  split!'-  • 

g)  Location  an  I  .ir«v  of  tin- 

h)  Output  Hf  •'ll 

i)  Relative  urea  mi  -  location  i.i  i  i>  >  -ilputs  and  vents. 

References  Vi l  !  (>.- * ti  air  .  <  client  -ourcoe  of 

information  r<-,;.»rctmi  i  eifects  ol  varying  the  above 
parameters.  Oilier  rer-o-nces  are  749-10,  749-!  1,  766-8, 
and  730-7. 

16.8.2.2  RKA\.  DKFLf  tlTION  AMPLIFIER.  Most  of  the 
design  parameters  indicated  for  the  v.dl  Mturiimenf  ampli¬ 
fier  apply  to  the  beuin  ilefiee.  ion  umpl.l'i.-, .  The  primary 
difference  is  the!  the  side  vails  .-  removed  in  the  beam 
deflection  amplifier  t<  oieviut  wall  attachment.  However, 
the  size  and  shape  of  the  interaction  region  is  important. 
This  device  is  usually  required  to  pro-,  me  pressure  gain  but 
must  also  provide  some  flow  ,r  powrt  gain  if  it  is  to 
provide  a  usable  output.  Of  particular  importance  in 
component  design  is  the  relation  of  the  pressure  and  flow 
gains  to  jet  deflection  angle,  downstream  distance  of  a 
receiver,  and  receiver  width.  References  68-92,  68-95, 
68-101,  184-11,  532-1,  748-1,  748-2,  and  757-2  provide 
design  information  for  beam  deflection  ..mplifiers. 

16.8.2.3  VORTEX  AMPLIFIERS.  Some  of  the  important 
design  parameters  for  vortex  amplifiers  are  discussed  in 
Sub  Topic  16  4.4.  References  37-10,  37-22,  37-26,  68-92. 
68  97,  95-3',  757-4,  and  757-6  provide  additions!  design 
information  relative  to  vortex  amplifiers.  Specific  attention 
should  be  given  to  the  work  done  by  D.  N.  Wormley 
(Reference  95-31)  which  presents  a  simplified  design 
procedure  for  nonvented  vortex  amplifiers  operating  in  the 
incompressible  flow'  regime,  and  by  E.  A.  Mayer  (Reference 
68-921  which  presents  an  experimental  curve  that 
accurately  describes  the  nonlinear  flow  characteristics  of 
the  nonvented  vortex  amplifier  over  a  wide  range  of 
operating  conditions. 

The  following  sections.  Detailed  Topics  16.8.2.4  through 
16.8.2.9,  are  adapted  from  a  paper  by  J.  N.  Shinn  (Refer¬ 
ence  760-1). 

16.8.2.4  ORIFICE  RESISTANCE.  An  orifice  is  often  used 
for  a  resistor  because  >t  is  so  easily  constructed.  The 
resistance  value  of  an  orifice  used  with  gases  generally  is 
calculated  from  incompressible  relations  since  adequate 
accuracy  is  obtained  over  typical  operating  ranges.  The 
weight  flow  rate  through  the  orifice  is  obtained  from 

\V  -CjpVll  (Eq  16.8.2.4a) 

The  coefficient  of  discharge,  Cj  may  typically  vary  from 
0.8  to  1.0,  but  wiil  be  assumed  here  as  unity  for  simplifica¬ 
tion.  The  velocity,  u,  is  obtained  from  the  incompressible 
relation 


18.3  £.1  WALL  ATTACHMENT  AMPLIFIER.  Design 
parameters  of  importance  in  the  wall  attachment  amplifier 
are  as  follows: 

a)  Aspect  ratio 

b)  Relative  sizes  of  the  supply  and  control  nobles 

c)  Setback  of  the  control  nozzles 

d)  Setback,  angle,  and  length  of  the  attachment  wall 


AP\,/: 


(Eq  16.8.2.4b) 


where  AP  is  the  pressure  drop  across  the  orifice.  Combining 
the  previous  two  equations  and  using  the  perfect  gas  law, 
p  “  P/(RST),  the  weight  flow  expression  becomes 
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(Eq  16.8. 2.4c) 


This  expression  will  provide  adequate  accuracy  (3  percent 
maxim  m  error)  for  compressible  fluids  if  AP  is  limited  ir 
about  o.ie-bdf  the  vaiue  for  P  and  if  the  value  used  for  P  is 
the  absolute  pressure  downstream  of  the  oril.ee  (the 
solution  *>f  course  becomes  exact  as  AP~*  0).  The  pressure- 
flow  curve  for  the  orifice  is  tons  parabolic  us  illustrated  in 
Figure  16.8,2.4.  The  incremental  resistance  is  the  slope  of 
the  curve  ut  the  opeiating  point  of  interest  (e.g.,  point  B  in 
Figure  16.8.2.4)  and  becomes 


F.gure  IC.tt.2.4.  Orifice  Pressure  -  Flow  Characteristics 

I A  i)jP ."erf  wife  permission  from  Reference  760-1  "Applying 
fluidics  to  Control  Systems  Digital  and  Analog”, 

IV  E  BeVier,  Union  Col'ege,  Schtne  fade  N.  Y., 

1968) 

For  a  given  ga">  ana  temperature  the  resistance  would  be 
linear  if  it  were  only  a  function  of  the  flow  area.  A,  but  the 
terms  AT  and  P  result  in  nonlinearities  Equation 
(16. 8. 2,  let )  is  an  expression  for  the  incremental  res:stance, 
i.e.,  the  small  signal  resistance  suitable  for  a  specific 
op'Ta'.’hg  range  about  po-nt  B  as  shown  in  Figure  16.8.2.4. 
It  also  is  of  interest  to  identify  a  steady-state  or  operating- 
point  resistance  to  calculate  bias  Hows  and  pressure »,  From 
the  above  weight-flow  relation  this  resistance  value  is 


>.ase»  if  the  pressure  drop  is  not  large  compared  to  the 
absolute  pressure  level.  Laminar  flow  requires  that  the 
Reynolds  number  (based  on  passage  hydraulic  diameter)  be 
some  vhat  less  than  2000.  Amuming  that  a  fully  developed 
laminar  tlow  exists  over  the  flow  length,  ft,  the  expression 
for  weight  flow  rate  (from  Poisueille’s  law)  is 


and 


\v 


Al>2p 
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(Eq  16.8.2.6  s) 
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(Eq  16.C.2.5b) 


Substituting  p  »  P/(R^T',  the  expression  becomes 

t 

R  =  - r—  (Eq  16.8.2.5c) 

VI)2  P 


In  Equation  (16.8.2.5c)  A  is  the  flow  area  and  D  is  the 
hydraulic  diameter,  that  is 

„  4A 

l)h=j-—  (Eq  16.8  2.Bd) 


■where  kw  is  the  wetted  perimeter.  The  value  used  for  P  in 
Equation  (16.8.2.5c)  should  be  the  average  pressure  (abso¬ 
lute)  in  the  resistor  and  AP  should  be  somewhat  less  than  P. 
The  actual  characteristic  for  laminar  flow  is  nonlinear  since 
the  average  gas  density  also  increases  as  AP  increases.  This 
nonlinearity  is  not  nearly  as  severe  as  in  the  case  for  orifice 
flow  as  shown  qualitatively  in  Figure  16.8.2.5.  Equation 
(16.8.2.5c)  provides  good  results  for  circular  cross  sections 
or  rectangular  cross  sections  t.hat  are  nearly  square.  If  the 
cross  section  approaches  a  slit,  the  slit  flow  relation  (see 
Reference  140-1) 


12pm  t 

R  ~  - r-5 —  (Eq  1S.8.2.5*) 

Al)2  P 

results  in  a  more  accurate  resistance  expression.  T’.us,  the 
numerical  constant  32  (Equation  (16.8. 2. 5c))  will  take  on 
intermediate  values  and  will  approach  the  value  12  (Equa¬ 
tion  (16.8. 2.5e))  as  the  cross  sectional  shape  of  the  laminar 
flow  path  is  changed  from  circulat  or  square  to  a  thin  slit. 
Although  a  laminar  resistor  is  far  mare  linear  than  an 
orifice,  it  is  also  considerably  more  temperature  sensitive 
Using  air  as  an  example  fluid,  the  viscosity  of  air  can  be 
expressed  by  the  empirical  relation 

fi  =  3.11  x  10“  T0-71  lb  Wit: 2 


(Eq  16.8.2.4e) 


Thus  U(>,  the  slope  of  the  line  fr<  m  the  origin  to  the 
operating  poi.tr  B,  is  one-half  the  incremental  resistance  for 
orifice  flow. 

16.8.2.5  LAMINAR  RESISTANCE.  Re.-istancj  for  fluid 
circuits  also  can  be  provided  with  laminar  flow  in  long, 
smalt-diameter  passages.  Calculation  of  resistance  using 
incompressible  flow  relations  provide  adequate  accuracy  for 


(Eq  16.8.2.5?) 

(300° R  to  2000° U) 

Substitution  of  this  relation  and  the  value  oi  Rg  for  air 
(640  in/HRl  into  Equation  (16.8.2.5c)  results  in 


6.4  \  1  O'7  KT1  71 
All2  P 

n 


(Eq  16.8.2.Sg) 
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The  resistance  of  a  laminar  orifice  therefore  is  proportional 
to  absolute  temperature  to  the  1.71  power  while  orifice 
resistance  is  a  function  oi  temperature  to  the  0.5  power. 
The  temperature  sensitivity  of  both  types  of  resistors  are 
not  negligible  for  circuits  which  must  operate  over  wide 
temperature  ranges.  The  effects  of  this  temperature  sensi¬ 
tivity  however,  can  be  minimized  by  using  differentia) 
circuitry  and  by  using  operational  amplifier  techniques 
which  result  in  overall  gain  proportional  to  the  ratio  of 
resistance  values  rather  than  in  absolute  values.  In  addition, 
the  temperature-sensitivity  effects  generally  are  offset  by 
temperature  effects  of  other  components;  for  example,  the 
input  impedance  of  a  proportional  amplifier  also  increases 
with  temperature. 

16  6.2.6  I  INEAR  RESISTANCE.  From  Figure  16.8.2.5, 
one  quicxly  concludes  that  a  linear  resistance  should  be 
obtainable  from  flov  which  is  not  quite  pure  laminar  flow. 
An  approximate  analysis  (Reference  68-92)  of  compressible 
flow  and  test  results  confirm  that  linear  resistance  is 
possible  over  a  relatively  large  range  of  pressure  drops.  The 
analysis  concludes  that  the  length-to-area  ratio  which 
provides  lineal  resistance  is: 


0.00341* 


(Eq  16.8.2.6) 


-ORIFICE  FLOW 


nearly  ideal  laminar  flow,  Equation  (16.8.2.5c)  can  be  used 
to  predict  the  resistance  value  of  a  flo>  <•  channel  with 
adequate  accuracy.  The  reader  is-eautioned  that  the  validity 
of  Equation  (16.8.2.6)  is  predicated  on  laminar  flow;  if  the 
pressure  drop  is  sufficiently  large  (i.e.,  Reyni  Ids  num¬ 
ber  >  2000)  turbulent,  flow  will  occur  ana  laminar  flow 
relations  are  no  longer  applicable. 

16.8.2.7  FLUIDIC  RESISTOR  CONSIDERATIONS.  Most 
resistors  used  in  fluidic  circuitry  are  laminar  (near-linear) 
type  elements.  The  flow  passages  generally  are  mide  from 
photo? tched  metal  laminates,  glass,  or  a  photosensitive 
plastic.  The  most  commonly  used  units  of  fluidic  resistance 
are  Aec/in2  and  the  value  quoted  for  a  particular  device 
generally  is  based  on  air  at  14.7  psia  and  68°  F.  As  an 
example  calculation,  using  Equation  (16.8. 2.4d),  the  re¬ 
sistance  value  of  a  0.01-inch  diameter  orifice  operating  with 
a  1.0  psi  pressure  drop  is 

$Eq  16.8.7  Vs) 


r  =  a 


211  TAP\!  12 


<0.78.")  (10  4  ) 


2  (640  in/°  R)  ( 528“  H)  <1.0  lb/in2) 
(386  in/ser’ )  (14.7  lb/in2 ) 


R  =  (1,30)  (10s)  -  .  *0,000*  <  / in2 

The  operating-point  resistance,  as  shewn  by  Equation 
(18.3.2.4e)  is  one-half  this  value,  i.e.,  70,000.  Th**  above 
calculation  was  based  on  a  flow  coefficient  Cj  ■  1.  Depend¬ 
ing  on  the  upstream  conditions,  the  entrance  geometry,  and 
i^e  length-to-diameter  of  the  orifice,  the  value  of  Cj  can 
vary  considerably  and  may  result  in  a  measured  resistance 
20  to  30  percent  higher  than  that  calculated. 

As  a  comparison,  the  resistance  of  a  laminar  resistor  with  ; 
0.015  x  0.015-inch  cross  sectional  dimension  and  a  length 
of  3.3  inches  is  found  from  Equation  (i6.8.2. 5g)  to  be 


(Sq  16.8.2.7b) 


R  =  (6-4)  (H)-7  CT1-71)- 


AD;'* 


Figure  16.8.2.5.  Comparison  of  Orifice,  Laminar  and  Linear  Flow 

.Adapted  with  permission  from  Reference  760-1.  "Applying 
Fluidics  to  Control  Systems:  Digital  and  Analog".. 

W.  E.  JeVier,  Union  College,  Scneriectady.  A/. 

19681 

Experimental  results  show  that,  lo  obtain  linear  resistance, 
the  length  should  be  approximately  10  percent  longer  than 
indicated  by  Equation  (16.8.2.5c).  For  air  at  528°R  and 
the  downstream  pressure,  P,  at  atmospheric  pressure,  the 
£/D  which  resulted  in  linear  resistance  was  approximately 
300.  Constant  resistance  (within  1.5  percent)  vras  attainable 
with  pressure  drops  as  high  «s  7.5  psi.  Since  the  flow  is  very 


(6.4)  (IQ' 7  Ib-sro/iirK)  (3.3  in.)(5.2B'-7!0K) 
(2.25)  (1 1)’4  in2) (2  25) (.10  4  in2 ) ( 14.7  ib/in2 ) 


R  -=(1.40)  (10s)  o'  1 40.000  src/iii 

16.8.2.8  CAPACITORS.  In  fluidic  circuits  which  use  gas 
as  the  operating  medium,  the  gas  compressibility  results  in 
energy  storage  analogous  to  that  of  a  capacitor  in  electronic 
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circuitry.  Hence,  the  fluidic  capacitor  ia  (imply  a  volume 
for  |M  storage  and  can  be  uaed  in  conjunction  rrith  reaiatora 
to  form  flrat  order  lag*  with  (ingle  time  constants.  Since 
liquids  are  essentially  incompressible,  much  larger  volumes 
are  required  to  produce  significant  capacitance,  and  an 
accumulator  or  other  moving  parts  device  is  gonerady  used 
to  provide  the  required  energy  storage  in  a  smaller  spree.  It 
is  important  to  note  that  there  is  a  capacitance  associated 
with  every  dement  of  volume  in  a  fluidic  circuit.  The 
discussion  belou  is  concerned  only  with  capacitance- 
associated  gases  since  they  are  by  far  the  most  common 
fluidic  operating  media. 

The  capacitor  in  fluidics  provides  the  function  of  a 
shunt-to-ground  capacitance;  the  aeries  r  coupling  capaci¬ 
tor  haa  no  analog  in  fluidic  circuitry.  A  simplified  analysis 
for  determining  th*  expression  for  calcul  ting  capacitance 
aaaumea  adiabatic  flow  in  a  fixed  volume  (see  Figure 
14.8.2,8)  ao  that  the  energy  equation  ia 


w  (c  T  )  = 


—  V  (c  T  ) 
dt  *  1  v  v  1  ’ 


(Ef,  14.8.2.8a) 


where 


c  T  -  the  specific  enthalpy  of  the  supply 


c  T 


,  .  the  specific  internal  energy  of  the  volume  or 
v  capacitance. 


w. 


Figure  16.8.2.8.  Fluidic  Capacitance  Model 

(Adapted  with  permission  from  Reference  760- 1,  "Applying 
Fluidics  to  Control  Systems:  Digital  and  Analog", 
yy.  f  BeVier,  Union  College.  Schenectady,  N.  Y . 

1968) 


From  the  perfect,  rjis  law 


■ 

p.T,  =  ~  (Eq  16.8.2.8b) 

11  K. 


By  substituting  Equation  (16.8.2.8b)  in  Equation 
(16.8.2.8a)  and  with  V(  and  cv  constant 


W|,nT.  (ir1):*;  0“' 


Rearranging  and  using  LaPlace  notation 

/  (•  v. 

sP. 


/  rV,\ 
W*  =  [c  K  T  V 

'  P  g  S 


)  (Eq  16.8.2.8c) 


(bq  16.8. 2.8d) 


16.85 


Since  c_/cw  »  k 
P  y 


or 


.  -  ^  (ts\ 
pt  =  (<v)  "• 


where 


C*  =  kRtT 


(Eq  16.8.2.8a) 


(Eq  16.8.2.80 


(Eq  1C.3.2.8g) 


The  above  derivation  ia  hosed  on  gravimetric  rather  than 
volumetric  analysis.  This  expression  for  capacitance 
assumes  no  heat  transfer,  i.e.,  an  adiabatic  process,  which  ia 
approached  for  rapid  pressure  changes  within  the  capaci¬ 
tance  volume.  If  the  pressure  changes  occur  very  slowly,  an 
isothermal  pn  ceaa  is  approached  and  the  expression  for 
capacitance 


r  —  _ !— 

1  RgT 


(Eq  16.8.2.8ht 


is  more  valid.  Practical  experience  with  air  (room  tempera¬ 
ture)  in  fluidic  circuits  haa  shown  that  a  value  of  1.2  in 
place  of  k  is  the  best  compromise.  For  air  at  room 
temperature 

V  in3 


Q  - _ 

(1.2)  (640  in/°R)  (528°R) 


(Eq  16.8.2  ei) 


=  (2.48)  (10  6  V  in2) 


Thus  a  typical  1.0  inJ  capacitor  would  have  a  capacitance 
value  of  2.48  x  10b  in2.  When  combined  with  the  typica. 
laminar  resistor.  Equation  (I6.8.2.7b)  would  result  in  a 
time  constant  value  of 

r  =  RC 

=  (1.4)(105  sec/in2)  (2.48)  (1  O'6  in2) 

=  0.35  sec 


It  is  interesting  to  note  that  If  the  nonlinear  orifice-type 
resistor  is  used  with  the  capacitor,  the  time  constant  varies 
as  the  pressure  in  the  capacitor  approaches  final  value.  In 
fact,  the  resistance  of  the  orifice  approaches  zero  (hence 
T  -*  0)  as  the  pressure  drop  across  it  becomes  zero,  as  shown 
by  the  slope  of  the  curve  at  the  origin  in  Figure  16.8,2.4. 

16.8.2.9  INDUCTORS,  The  fluid  in  fluidic  passageways 
has  inertial  properties  or  inertnnee  which  can  result  in 
significant  dynamic  characteristics.  The  inertial  effects, 
which  are  present  for  both  compressible  and  incompressible 
fluids,  result  in  characteristics  similar  to  inductance  in 
electrics!  circuits.  Consider  a  line  of  length  £  and  cross 
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sectional  area  A  as  shown  in  Figure  16.8.2.9.  From 
Newton’s  second  law 

Force  =  mass  x  acceleration 


(F,  -  P2) A  =  pAC 


(Eq  16.8.2.9a) 


and  since 


pAu  =  — 

g 


(Eq  18.8.2.9b) 


Figure  16.8.2.9.  Fluidic  Inductance  Model 

! Adapted  with  permission  from  Reference  760-1.  "App,/mg 
Fluidics  to  Control  Systems .  Digital  and  Analog”, 

W.  F.  Be  Vior,  Union  Collegs.  Schenectady,  N.  Y., 

1968) 


<p.  -wi  % 


(Eq  16.8.2.9c) 


'  -  A  /d*v\ 

"  Agldt  / 


Using  LaPIace  notation  gives 


where 


AP  =  LsAw 


(Eq  1 6.8.2. 9d) 


(Eq  16.8.2.9s) 


(Eq  16.8.2.91) 


Thus  th*>  inductance,  L,  of  a  line  is  directly  proportional  to 
its  length  and  inversely  proportional  to  the  cross  sectional 
flow  area.  In  practice,  fluidic  inductance  without  corre¬ 
sponding  resistance  is  impossible  to  obtain.  Laminar  or 
linear  resistors  have  inductive  properties  which  must  be 
considered  in  high  response  ciicuitry.  In  fact  it  is  often 
convenient  (for  filtering,  etc.)  to  generate  a  time  constant 
with  the  resistive  inductor.  As  a  typical  example,  the 
resistor  in  Equation  (16.8.2.7b)  would  have  an  inductance 
value  of 


3.3  in. 


gA  (386  in/sec2)  (0.015  in.)3 


=  38  sec2/in2 


and  the  time  constant  of  the  resistor  would  be 


38  sec2/in2 


ft  (140)  (103  sec/in2) 


-  0.27  msec 


R  L 


Figure  10.8.2.10.  Lumpeu-Parameter  Modal  of  Line 

It  is  noted  that  the  expression  derived  above  for  inductance 
is  based  on  gravimetric  rather  than  volumetric  analysis. 

16. 8.2.10  LINES.  The  lines  which  interconnect  fluidic 
elements  usually  have  more  dynamic  effect  on  the  circuit 
than  the  response  of  the  individual  elements  (Reference 
74-53).  The  Sine  has  both  capacitive  and  inductive  reactance 
as  illustrated  in  the  simple  lumped-parameter  model  shown 
in  Figure  16.8.2.10.  For  a  long  line  a  distributed  param- 
t.s  analysis,  wnich  is  beyond  the  ucope  of  this  diicussion, 
must  be  used  (see  References  45-1  <\nd  770-1).  A  line  is 
defined  as  short  if  its  length  is  small  (e.g.,  10  percent) 
compared  to  the  wavelength  of  the  maximum  frequency  of 
interest.  At  100  cps  the  wavelength  is  130  inches  (propaga¬ 
tion  velocity  13,000  in/sec)  and  thus  the  characteristics  of  a 
13-inch  line  can  be  approximated  with  a  lumped  parameter 
model  as  shown  in  Figure  16.8.2.10a.  The  inductance  and 
capacitance  «n  be  calculated  from  Equations  (16.8. 2.9f) 
and  (16.8.2.8i),  respectively. 

A  simplified  technique  for  the  interconnection  of  digital 
fluidic  amplifiers  which  should  be  considered  if  it  becomes 
necessary  to  reduce  signal  attenuation  in  the  interconnect¬ 
ing  lines  between  fluidic  circuit  elements  is  discussed  in 
Reference  36-74. 

16,8.3  Control  Circuit  Design 

It  is  a  well-recognized  fact  that  interconnecting  fluidic 
devices  into  circuits  and  systems  is  a  problem  in  the  field  of 
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fluidic*.  It  i*  very  important  to  examine  these  uifficultie* 
carefully.  Many  of  them  have  been  faced  to  a  certain  degree 
by  thoae  working  in  the  field*  of  mechanic*,  electronic*, 
and  hydraulic*.  Nonlinearity  ut  o.ie  such  difficulty.  It  ia 
apparent  that  transistor*,  mechanical  linkage*,  and  servo¬ 
valve*  are  nonlinear.  A  second  difficulty  concerns  con¬ 
tinuity.  Both  electiic  and  hydraulic  circuits  must  satisfy 
certain  limited  continuity  principles.  Kirchoff’s  law  ia  a 
statement  of  continuity  for  electric  circuits.  A  third 
difficulty  result*  from  the  large  number  of  relevant 
variable*.  Electric  circuit  and  hydraulic  system  performance 
are  affected  by  the  variation  of  nu,nr'-otui  parameters 
including  temperature,  aging,  and  bulk  modulus.  Even 
considering  these  difficulties,  many  electronic  and  hydrau¬ 
lic  systems  have  been  produced  and  are  operating 
satisfactorily. 

Therefore,  it  is  apparent  that  a  person  working  in  fluidics 
has  something  to  learn  from  the  fields  of  mechanics, 
electronics,  and  hydraulics.  He  should  adapt  his  thinking  to 
take  advantage  of  the  analogous  system  des;jn  methods 
already  developed  in  those  fields.  In  other  words,  a 
thorough  understanding  of  fluidic  system  operation  is 
difficult  and  will  remain  so  for  many  yean.  Approximate 
methods  based  on  those  used  in  other  fields  yield  good 
results  in  the  great  majority  of  cases  and  provide  tremen¬ 
dous  insitdit  into  the  operation  of  the  system.  As  a  result, 
these  techniques  will  accelerate  the  advance  of  fluidics 
technology  by  making  it  possible  for  a  circuit  design 
engineer  to  use  tluidic  devices  now,  without  an  elaborate 
education  in  fluid  mechanics  (Reference  765  1 ). 

The  material  ia  Detailed  Topics  16.{t.3.t  through  16.8.3,10 
was  adapted  lrom  a  paper  by  O.A.  Belsierling  (Reference 
771-2). 

16.8.3  1  THE  SYSTEMS  APPROACH.  In  the  design  cf 
any  system  of  interconnected  components,  it  is  necessary 
to  take  into  account  th  f  effect  of  one  component  upon  the 
other  -  that  is,  of  crow-coupling.  This  statement  is  true 
whether  the  components  are  electronic,  mechanical, 
hydraulic,  acoustic,  or  fluidic. 

The  most  practical  systematic  procedure  used  in  control 
system  design  >s  the  so-called  black-box  method.  This 
technique  requires  that  each  component  be  isolated  from 
ail  other  components  in  the  system  and  then  be  subjected 
to  a  few  simple  tests  under  typical  operating  conditions. 
These  processes  are  normally  performed  by  the  manufac¬ 
turer  before  he  ships  a  component  to  a  user.  For  example, 
the  vacuum  tube  manufacturer  supplies  a  sit  of  characteris¬ 
tic  curves  and  dynamic  parameters  (or  each  tube  he 
markets,  and  the  ser.'ovalvc  manufacturer  supplies  output 
pressure-flow  characteristics.  By  using  the  same  proven 
approat  i,  all  the  mathematica1..  tools  now  used  in  elec¬ 
tronics  and  hydraulics  can  be  applied  to  fluidic  circuit 
analysis  and  design. 

For  most  practical  cases,  it  is  possible  to  describe  the  total 
behavior  of  any  fluidic  device  using  the  three  characteristics 
illustrated  in  Figure  16.8.3.1.  Input  characteristics  define 
the  particular  load  that  an  input  signal  sees  when  it  is 
applied  at  the  input  ports.  Transfer  characteristics  deter¬ 
mine  precisely  what  happens  to  >he  output  when  in*>ut 
signal  is  applied.  Output  characteristics  explain  the  mai  ner 
m  which  the  output  signal  is  affected  when  an  external  load 
is  connected  at  the  output  ports.  For  static  and  large  signal 
analysis,  these  three  characteristics  are  most  conveniently 
u  fined  graphically,  since  graphs  consider  device  nonlinear- 
ties  without  a  need  for  complex  mathematics. 
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Figure  16.9.3.1.  Signal  Flow  Characteristics  of  any  Fluidic 
Component 

(Adapted  with  permission  from  Reference  771-2.  ", Fluidics 
Quarterly".  January  :9CS.  C.  A.  Bdsterhng. 

Copyright  1968  by  Fluid  Amplifier 
Aisocia  as) 

The  term  static  is  used  ,o  define  those  car  as  in  which  time 
is  a  negligible  variable  in  the  analysis  of  performance,  such 
as  in  biasing  and  in  the  response  t  o  a  slowly-changing  signal. 
The  term  large  signal  is  used  to  explain  thoae  cases  in  which 
the  signal  distortion  due  to  the  nonlinear  characteristic*  of 
the  device  is  important  in  the  analysis  of  performance,  such 
as  in  the  response  to  signals  ..object  to  large  excursions. 
Exactly  what  constitutes  a  negligible  error  in  the  analysis 
must  be  decided  by  the  control  systems  engineer. 

For  dynamic  and  small  signrl  analyses,  these  characteristics 
are  instead  described  in  terms  of  equivaler,.  electric  circuits, 
primarily  because  well-developed  linear  circuit  theory  is 
directly  applicable  to  the  calculation  of  performance.  The 
term  dynamic  is  used  to  define  those  cases  in  which  he 
effects  of  energy  storage  cannot  be  neglected  in  the  analysis 
of  performance,  such  as  in  the  response  to  transient  or 
high-frequency  sinusoidal  signals.  The  term  small  signal  is 
used  for  those  cases  in  which  the  signal  excursion  is  small 
enough  to  permit  the  assumption  of  linear  characteristics 
around  the  operating  point,  without  introducing 
unreasonable  errors  in  the  analysis  of  performance,  such  as 
in  the  response  to  incremental  sinusoidal  signals  used  ir. 
frequency  response  analysis.  Exactly  what  can  be  con¬ 
sidered  negligible  or  -easonable  errors  in  the  analvsis  must 
again  be  decided  by  the  control  systems  engineer. 

16.8.3.2  STATIC  CHARACTERISTICS.  Typical  fluidic 
component  characteristics  can  be  illustrated  <oi  the  most 
common  analog  fluidic  amplifier,  the  vented  jet-interaction 
amplifier,  which  is  shown  in  Figure  16.8.3.2a.  Note  that 
there  are  two  control  ports  and  two  output  ports  which  are 
operated  in  a- differential  mode. 

Graphically,  the  input  characteristics  of  a  single  input  port 
are  plots  of  the  control  flow  ver.  us  the  pressure  applied  at 
each  control  port  shown  in  Figure  I6.8.3.2t.  In  most 
vented  amplifiers  the  inpu*  characteristics  are  practically 
independent  of  outpu  loading,  but  this  may  not  be  the 
case  for  other  types  such  as  the  closed  configuratioi  Note 
that  there  are  two  separate  curves.  The  locus  of  bias  points 
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Figura  16.8.3.2a.  Description  of  a  Typical  Vented  Jet- 
Interaction  Amplifiar 

(Adapted  with  permission  from  Pefei.;n~e  771  "Fluidics 
Quarterly".  January  1968.  C.  A.  Belsterling. 


CONTROL  PRESSURE  ( f>  ] 


Figure  16.8.3.2b.  Typical  Static  Input  Characteristics 
(Adapted  with  permission  from  Reference  771-2,  "Fluidics 
Quarterly".  January  1968,  C.  A.  Belsterlng, 
Copyright  1968  by  Fluid  Amplifier 
Associates) 


ia  the  curve  generated  when  both  control  preeauree  are 
equal.  Their  equality  must  be  considered  when  designing 
for  no-signal  matching  (cr  biasing).  The  differential  control 
curves,  on  the  other  hand,  are  generated  when  one  control 
port  pressure  is  increased  and  the  other  decreased  the  same 
amount,  keeping  the  average  of  the  two  always  at  a  fixed 
bias  level.  This  condition  must  be  considered  when 
analyzing  the  effect  of  a  differential  signal.  Note  that  a 
differential  co  rol  curve  can  be  generated  at  any  particular 
level  of  bias  pressure. 

The  transfei  characteristics  shown  in  Figure  16.8.3.2c 
define  the  gain  of  the  amplifier  and  are  presented 
graphically  as  a  family  of  curves  of  output  pressure  versus 
control  pressure,  with  load  as  the  parameter.  Note  that  it  ia 
normal  for  the  pressure  gain  to  decrease  as  the  load 
impedance  is  reduced  (opened  from  blocked  conditions) 
and  th*t  hevond  sat-iration  a  reversal  of  slope  can  occur. 


Figure  16.8.3.2c.  Typical  Transfer  Curves 

(Adapted  with  permission  from  Reference  771-2,  "Fluidics 
Quarterly",  January  1968.  C.  A.  Belsterling, 

Copyrig  r  1968  by  Fluid  Amplifier 
Associates) 

The  output  characteristics  shown  in  Figure  16.8. 3. 2d  are 
plots  of  the  output  flow  versus  output  press jre  as  the  load 
is  varied  from  near-zero  impedance  (relatively  large  flow)  to 
near-infinite  impedance  (blocked  output  port).  Because  the 
output  characteristics  are  also  a  function  of  the  control 
signal,  a  complete  graphical  description  of  the  output 
characteristics  requires  a  family  of  curves  of  output  fle  w 
versus  output  pressure  with  control  pre-ssu  e  (or  control 
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flow)  u  Uw  parameter.  Not*  that  the  tranefer  charade  .  la- 
tka  and  tha  output  characteristics  are  only  s'ightly  dif- 
farant;  both  of  them  report  tha  output  behavior,  under 
load,  in  r espouse  to  an  input  signal.  Therefore,  only  on*  of 
thee*  two  aata  of  curvet  it  ra^u.rad  to  define  performance. 
The  output  characteriatica  are  preferred  becauae  they  are 
more  convenient  for  analysing  the  probiama  of  caacading 
component*. 


Figure  18.8.3.20  Typical  jtavfc  Output  Characteristics 

(Adapted  with  permission  from  Refererse  771-2.  "Fluidics 
Quairerly",  January  1068,  C.  A.  Hr/sterling. 

Copyright  1968,  hy  Fluid  Amplifier 
Associates) 

Digital  fluidic  component  characteristics  are  illustrated  for 
the  most  common  type,  the  vented  wall-attachment  ampli¬ 
fier,  shown  in  Figure  16.8.3. 2e. 

Figure  16.8. 3. 2f  graphic, illy  demonstrates  that  the  input 
cTiracteristics  of  a  single  input  port  are  a  plot  of  the 
Control  flow  versus  t!  ,e  pressure  applied  at  each  control 
port.  In  this  case,  as  with  the  proportional  vented  amplifier, 
tne  input  characteristics  are  practically  independent  ot 
output  loading.  Th  *  most  striking  Mature  of  the  input 
characteristic  is  its  abrupt  discontinuity.  This  occurs  at  the 
point  of  switching:  the  pressure  has  increased  sufficiently 
to  detach  the  power  stream  from  the  adjacent  wall  and 
allows  the  stream  to  reattach  to  the  opposite  wall.  The 
impedance  for  th"  control  port  is  thereby  increased.  Note 
that  the  curve  exhibits  considerable  hysteresis  due  to  the 
latching  effect  of  wall  attachmcpt.  In  other  words,  the 
curve  of  incieasinf  control  pressure  to  the  point  of 
switching  is  different  from  the  curve  of  decreasing  control 
pressure  tc  the  point  of  reattaching.  Each  curve  is 
dependent  on  the  pressure  applied  on  the  opposite  control 
port. 

The  switching  characteristic  is  shown  in  figure  16.8  3. 2g. 
Utilizing  effective  vents  that  prevent  the  feedback  of 
output  pressure  it  to  the  interaction  region,  the  switching 
characteristics  can  be  illustrated  a"  a  family  of  curves  with 
load  as  a  parameter.  Note  that  it  is  normal  for  the  output 
pressure  to  decrease  as  load  impedance  is  reduced  ^opened 
from  blocked  conditions). 

The  output  charactei  istics  shown  in  Figure  lG.8.3.2h  are 
ploti  of  the  output  flow  versus  the  output  pressure  as  the 
load  is  varied  from  ne.«r-zero  impedance  to  near-infinite 
impedance.  Since  the  output  cl  -racteristi  ;s  are  a  function 
of  the  control  signal,  a  complr  a  graph!*,  description  of 
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Figure  1S.8.3.2*.  Typical  We'l-Attachment  Amplifier 

(Adapted  with  permission  from  Reference  771-2,  " F'uidics 
Quarterly",  January  1968,  C.  A.  Be/sterling, 

Copyright  1968  by  Fluid  Amplifier 
Associates ) 

the  output  characteristics  of  the  digital  amplifier  can  be 
given  by  two  curves:  one  relationship  for  the  condition  in 
which  the  power  stream  is  deflected  into  the  output  leg 
being  measured  a.  d  the  other  describing  the  oehavior  if  the 
power  stream  is  deflected  away  from  the  output  leg 
measured.  Note  again  that  the  switching  and  output 
characteriatica  of  the  digital  amplifier  in  determining  the 
output  response  under  load  to  an  input  signal  are  only 


Figure  16.8.3.2f.  Input  Characteristics  of  Typical  Wall- 
Attachment  Amplifier 

(Adapted  with  permission  from  Reference  771-2,  "Fiuidics 
Quarterly",  Januar y  1068,  C.  A  Eelsterling, 
Copyright  1968  by  Fluid  Amplifier 
Associates) 
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•lightly  diff«r«n..  Therefore  in  this  aue,  only  one  of  these 
two  sets  of  curves  is  required  to  define  performance.  The 
output  characteristics  are  preferred  because  they  are  more 
convenient  for  analyzing  the  problems  of  cascading 
components. 


Figure  16.8.3.2g.  Switching  Character ittic  of  Typical  Wall- 
Attachmant  Amplifier 

( Adapted  with  permission  from  Reference  >'71-2,  “Fluidics 
Quarterly".  January  1968,  C.  A.  Belsterling. 
Copyright  1968  by  Flu  a  Amplifier 


Figure  16-8.3.2h.  Output  Characterises  of  Typical  Wall- 
Aftaehmant  Amplifier 

(Adapted  with  permission  from  Reference  771-2.  “Fluidics 
Quarterly",  January  1968,  C.  A.  Seisieriing, 

Copurirht  1968  by  Fluid  Amplifier 
Associates) 

The  characteristic  curves  of  active  fluidic  devices  are,  of 
course,  a  function  of  supply  pressure.  Therefore,  to  be 
complete  it  is  necessary  to  have  a  set  of  input  and  output 
characteristics  for  every  allowable  supply  pressure.  This  can 
be  done  by  providing  input  and  output  curves  for  a  number 
of  supply  pressures  and  interpolating  when  necessary,  but  it 
is  more  convenient  to  provide  a  single  set  of  input  and 
output  char  icteristics  normalized  v.-ith  respect  to  supply 
pressure  and  supply  flow.  In  this  ease,  it  is  necessary  to 
provide  another  characteristic  curve  (essentially  the  power 
lozzle  characteristic  shown  in  Figure  15.8,3.2i)  defining 
how  supply  flow  varies  with  supply  pressure. 

In  summary,  the  rtatic  operating  characteristics  of  an  act've 
fluidic  device  under  normal  operating  conditions  can  be 
described  by  only  threa  sets  of  curves.  They  co.isist  of 
input  characteristics  (nor.naiu.ed)  including  bias  and  dif¬ 
ferential  curves,  output  characteristics  (nonnalized)  with  an 
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Figure  16.8.3.21.  Typical  Power  Notzle  Cher ecterif tic  of 
Fluidic  Amplifier 

(Adapted  with  permission  fronr.  Reference  771  2,  "Fluidics 
Quarterly",  January  1968,  C.  A.  Belsterling, 

Copyright  19b8  by  Fluid  Amplifier 
Asrociatesl 

input  signal  as  the  parameter,  and  the  power  nozzle 
characteristic.  For  passive  digital  logic  and  elements  such  a*, 
resistors,  capacitors,  and  inductors,  only  the  input  and 
output  characteristics  arj  required.  When  interfaces  are 
utilized,  only  the  output  and  power  nozzle  characteristics 
are  required  for  transducers  and  sensors,  end  only  the  input 
characteristics  (not  normalized)  are  required  for  actuators. 

16.8.3.3  EQUIVALENT  ELECTRIC  CIRCUITS.  The 
analog  jet-interaction  fiuidic  amplifier  is  represented  ns  an 
eqi  ivalsnt  electric  circuit  in  Figure  16.8. 3. 3a.  The  input 
characteristics  are  described  in  terms  of  simple  impedances 
between  the  two  control  ports  or  between  a  control  port 
and  return.  The  transfer  characteristics  are  represented  by  a 
pressure  generator  and  network  whose  output  is  a  fur  ctior. 
of  the  net  pressure  appearing  at  the  control  nozzle.  The 
output  characteristics  are  shown  as  simple  series  and  shunt 
impedances  directly  coupled  to  the  load  impedance.  These 
elements  of  the  electrical  equivalent  circuits  cau  all  be 
calculated  from  the  graphical  characteristics,  circuit  dimen¬ 
sions,  and  conditions  at  the  bias  (quiescent,  no-signal) 

rmoroHnif  nnint 

- “*•"»  rv . 

The  digital  fluidic  amplilier  also  can  be  represented  as  an 
equivalent  electric  circuit  (Figure  16.8.3.3b).  The  input 
characteristics  are  described  in  terms  of  nonlinear 
impedances  between  a  control  port  and  return  which  are 
controlled  by  output  conditions.  The  switching  charact,  rus¬ 
tics  are  illustrated  by  a  pressure  generator  with  infinite  gain 
and  an  output-controlled  reference  diode  at  the  input  lo 
the  pressure  generator.  The  output  characteristics  are 
represented  as  sir  pie  linear  series  and  shunt  impedances 
directly  coupled  to  the  load  impedance.  The  ;e  e.enents  of 
the  electrical  equivalent  circuits  can  again  be  calculated 
from  the  graphical  characteristics,  circuit  dimensions  and 
conditions  at  the  bias  operating  print. 

In  summary,  the  small-signal  and  dynamic  characteristics  of 
a  fluidic  device  can  be  reuresented  bv  an  equivalent  electtic 
circuit.  Tins  circuit  would  contain  various  linear  and 
nonlinear  impedances  and  a  generator. 
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Figure  16.8.3.3b.  Qeneraliied  Small-Signal  Equivalent  Circuit 
of  a  Vented  Jet-Interaction  Amplifier 
(Adapted  with  permission  from  Reference  77  '2,  ", Fluidics 
Gum  tarty ",  January  1968.  C.  A.  Bels tailing. 
Copyright  1968  by  Fluid  Amplifier 
Altai  ca  'eat 


Figure  16  8  3.3b.  Equivalent  Electric  Circuit  of  Wall- 
Attacfiment  Amplifier 

I  Adapted  with  pen  ussion  from  Reteren  .a  7?  12.  "Fluidics 
Guar  terly",  January  1968,  C-  Balsterling. 

Copyright  1968  by  Fluid  Amplifier 
Associates) 

16.8.3.4  PERFORMANCE  PARAMETERS  AND  CIRCUIT 
ELEMENTS.  Performance  parameters  can  be  utilised  for 
two  basic  purposes:  to  describe  the  behavior  of  a  device 
under  static  or  dynamic  conditions  (such  as  pressure  gain) 
and  to  provide  the  data  necessary  to  calculate  behavior 
from  basic  information  (such  as  input  resistance).  The 
performance  parameters  Most  pertinent  to  fluidic  control 
systems  arc  defined  in  the  following  paragraphs. 

Output  resistance,  H(>,  is  the  ratio  of  a  change  in  output 
pressui  .•  to  a  change  in  output  flowrate  for  a  fixed  control 
signal,  that  is 

Al* 

|{  -  - -  (Eq  16.8.3.4s) 
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With  reference  to  the  static  output  characteristw  s  of  a 
typical  amplifier  shown  in  Figure  16.8.3.4a,  the  out^jt 
resistance  is  simply  a  slope  of  one  of  the  family  of  curves. 
Thus  the  output  characteristic  curves  define  the  output 
resistance  under  all  static  conditions,  but  because  the 
characteristic  i  irves  are  not  limar,  the  actual  output 
resistance  is  quite  variable.  Therefore  in  determining  the 
appropriate  numerical  value,  the  lesist.ince  must  be  calcu¬ 
lated  at  the  point  at  which  the  amplifier  is  operated  when 
connected  in  a  circuit. 

The  pressure  amplification  factor  for  amplifiers,  Kp,  is  the 
ratio  of  the  change  in  output  pressure  to  the  change  in 


control  pressure  when  the  output  flow  Is  constant.  That  is 
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In  effect,  this  is  the  maximum  or  enure  gi_in  an  amplifier 
can  deliver  if  there  are  no  loading  effects  (sero  amplifier 
output  resistance).  With  reference  to  the  output  characteris¬ 
tic  curves  for  a  typical  amplifier  shown  in  Figure  16.8.3.4a, 
one  can  see  that  the  amplification  factor  is  a  function  of 
the  horisontal  distance  between  the  output  resistance 
curves.  Since  the  curves  are  neither  linear  nor  evenly 
spaced,  it  is  evident  that  the  pressure  amplification  factor  is 
quite  variable.  Therefore  in  determining  the  appropriate 
numerical  value  for  Kp,  calculations  must  be  made  in  the 
vicinity  of  the  point  at  which  the  amplifier  operates  in  s 
circuit. 
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Figure  16.8.3.4s.  Definition  of  Psremeterr  fiom  Output 
Oharacterittics 

(Adapted  with  permission  from  Reference  771-2,  ‘Fluidics 
Quarterly",  Januaiy  1968.  C.  A.  Balsterling, 

Copyright  1968  by  Fluid  Amplifier 
Associates) 

Pressure  gain,  G_,  is  the  ratio  of  the  change  in  output 
pressure  to  the  change  in  control  pressure  when  the  fluidic 
amplifier  is  operating  in  a  particular  circuit  with  a  particular 
load.  For  u  differential  analog  amplifier 


The  transfer  curve  for  a  typical  differential  amplifier  is 
shown  in  Figure  16.8.3.4b.  By  the  above  definition,  the 
pressure  gain  is  the  slope  of  the  transfer  curve.  Since  the 
curve  is  not  linear,  the  point  at  which  the  amplifier  operates 
in  a  circuit  mutt  be  specified  in  calculating  a  numerical 
value  for  pressure  gain. 

For  ^  digital  amplifier,  the  definition  of  pressure  gain 
changes.  Ir.  this  case  pressure  gain  refers  to  the  ratio  of  the 
change  in  output  pressure  to  the  change  in  control  pressure 
tequired  for  switching  to  occur.  That  is 
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Figure  18.8.3.4b.  Definition  of  Pzrenwtw*  from  Trantfar 
Characteristics 

I  Adapted  with  permission  from  Reference  771-2,  "Fluidics 
Quarterly",  January  1968.  C.  A.  Bel  sterling. 

Copyright  1963  by  Fluid  Amplifier 
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According  to  this  definition,  it  should  be  recognized  that 
the  gain  of  a  digital  device  car  be  infinite  if  it  lias  negligible 
hysteresis. 

Input  resistance,  FL  is  the  ratio  of  the  change  in  control 
pressure  to  the  change  in  control  flow  when  the  bias 
pressure  is  held  constant.  Thai  is 
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With  reference  to  the  typical  differential  amplifier  static 
input  characteristics  (Figure  16.8.3.4c),  the  input  resistance 
is  simply  a  function  of  the  slope  of  the  differential  curve. 
Since  the  curves  are  nonlinear,  the  numerical  value  of  the 
input  resistance  must  be  calculated  at  the  point  at  which 
the  amplifier  operates  when  connected  in  a  circuit. 

Because  of  the  compressibility  of  the  operating  fluid,  there 
is  an  equivalent  capacitor,  C,  formed  by  every  element  of 
volume  under  pressure  in  ths  fluidic  circuit.  As  a  result,  the 
change  of  pressure  at  every  point  is  delayed  until  there  is 
sufficient  flow  to  satisfy  the  conditions  of  compressibility 
at  the  new  pressure  :evel.  The  effect  is  analogous  to  an 
electrical  shunt  capacitor  and  can  be  treated  as  such  in 
equivalent  circuit  analysis.  The  equivalent  capacitance  of  a 
fluidic  device  can  be  determined  from  the  equations  in 
Detailed  l^pic  16.8.2.8.  Since  passages  are  seldom  uniform 
and  the  pressure  is  not  the  same  in  every  section,  each  must 
be  calculated  as  a  separate  element  and  then  added  together 
to  arrive  at  a  total  circuit  capacitance.  The  pressure  used  in 
the  calculation  of  the  equivalent  capacitance  must,  of 
course,  correspond  to  the  point  at  which  the  device 
operates  in  a  circuit.  In  digital  wall-attachment  devices,  the 
major  portion  of  the  effective  capacitance  is  due  to 
“charging”  the  attachment  bubble. 

Because  of  the  inertance  of  the  operating  fluid,  there  is  an 
equivalent  inductor,  L,  formed  by  every  element  of  mass  in 
the  fluid  circuit.  As  a  result,  the  change  in  flow  at  every 
point  is  delayed  until  sufficient  forces  can  build  up  and 
accelerate  the  flow  to  the  new  level.  The  effect  is  analogous 


Figure  16.8.3.4c.  Definitions  of  Parameters  from  Input 
Characteristics 

lAduited  with  permission  from  Reference  771  2,  "Fluidics 
Quarterly",  January  1968,  C.  A.  Oelsterling, 

Copyright  1968  by  Fluid  Amplifier 
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to  an  electrical  series  in*'  ctor  and  can  br  treated  aa  such  in 
an  equivalent  circuit  ar.  sis  The  equivalent  inductance  of 
a  fluidic  device  can  he  uetermined  from  the  equations  in 
Detailed  Topic  16.8.2.9.  Since  the  area  of  the  passages  of 
fluidic  circuits  is  seldom  uniform  and  the  denshy  is  not  the 
acme  in  every  section,  each  must  be  calculated  aa  a  separate 
element  and  then  addeiftogethertoTrrNe  at  a  total  circuit 
inductance,  The  pressure  used  to  calculate  mass  density 
must,  of  course,  correspond  with  the  point  at  which  the 
device  operates  in  «  circuit. 


16.8.3.5  LARGE-SIGNAL  ANALYSIS  AND  MATCH¬ 
ING.  Like  most  electronic  :nd  hydraulic  components,  the 
characteristics  of  fluidic  components  are  nonlinear.  When 
operated  at  extremes  or  driven  by  a  large  signa.,  the 
performance  parameters  are  not  constant  and,  conse¬ 
quently,  the  output  will  be  a  distorted  reproduction  of  the 
input  signal.  In  ihe  cases  where  the  effects  of  these 
nonlinearities  are  significant  and  th.  effect  of  time  is  less 
important,  the  graphical  method  of  performance  analysis  is 
most  convenient  because,  as  mentioned  previously,  the 
system  designer  can  account  for  the  nonlinearities  witnout 
the  use  of  complex  mathematics. 


The  importance  of  the  effects  of  nonlinearities  may  he 
determined  fa  m  a  preliminary  analysis  of  the  magnitude  o' 
the  stgn.'.l  excursion  and  from  the  deg1  v  to  which  the 
output  characteristics  deviate  from  linearity  over  this 
excursion.  An  estimate  of  the  contribution  to  error  of 
time-dependent  circuit  parameters  at  the  expected  signal 
frequencies  must  also  be  added. 

Consider  the  manner  in  which  the  jet-interaction  amplifier 
behaves  in  a  circuit.  Figme  16.8.3.5a  compares  the  fluidic 
amplifier  with  boih  the  transistor  and  the  spool  valve.  Note 
that  the  amplifier  is  equivalent  to  a  different-al  connection 
of  transistors  or  to  a  spool  valve.  In  tnese  cases,  it  is 
normally  necessary  to  analyze  the  behavior  of  each  leg  and 
take  the  difference  in  output  signals.  For  an  analysis  of 
coupling  fluidic  devices,  consider  a  differential  fluiuic 
amplifier  .vith  a  passive  load  having  the  characteristics 
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ihiiwn  in  Figure  l6.H.3.6b.  The  output  characteristics  of 
the  amplifier  would  appear  m  shown  in  (a)  of  Figure 
18. b. 3. 5b.  In  determining  what  will  happen  whan  the 
amplifier  i*  connected  to  the  paasive  load,  (he  characteris¬ 
tics  of  each  aide  muat  be  considered. 

The  circuit  daalgt.er  must  realise,  first,  that  the  output 
characteristics  demonstrate  the  way  i  i  which  the  amplifier 
will  behave  with  any  load.  In  faijt,  the  curves  are  plotted 
from  the  performance  of  the  amplifier  for  a  number  oi 
loads,  from  open  outlet  port  (lero  impedance)  to  blocked 
outlet  (infinite  impedance).  Second,  he  must  then  consider 
that  the  load  characteristic  is  a  single  line.  In  other  words, 
there  is  only  one  flow  level  for  each  pressure  applied.  Third, 
he  muat  be  aware  that  if  the  load  is  connected  to  the 
amplifier,  their  pressures  and  flows  arc  the  same.  The 
amplifier  output  pressure  is  identical  to  the  passive  load 
pressure  and  the  amplifier  output  flow  is  identical  to  the 
passive  load  Dow.  Therefore,  the  combined  behavior  of  m 
amplifier  with  passive  load  can  be  found  simply  by  plotting 
their  charscter:vtics  on  the  same  ginqh  as  shown  in  (c)  of 
Figure  18.8.3.,'  b.  The  passive  load  characteristics  are 
superimposed  c:  the  amplifier  output  characteristics  as  a 
load  line.  Since  pressure*  and  flows  must  be  identical  in 
both  components,  the  points  of  intersection  of  the  curves 
can  be  the  only  operating  points. 

Consider  as  s  second  cate  the  cascading  of  two  differential 
fluidic  amplifiers  (Figure  16,8.3,f.c).  For  the  driving  ampli¬ 
fier,  it  would  be  essential  to  have  a  set  of  output 
characteristics,  as  shown  in  (a)  of  Figure  1 6.8. 3. 5c,  and  for 
tlie  driven  amplifier,  a  set  of  input  characteristics,  as  shown 
in(b)nf  Figure  l6.M.;i.5c. 

When  the  output  of  the  driver  is  connected  to  the  input  of 
the  driven  amplifier,  the  output  pressure  and  flow  of  the 
first  muat  equal  the  input  pressure  and  flow  of  the  wcoitd. 
That  is,  the  only  stable  operating  conditions  are  those  in 
which  the  output  pressure  and  flow  of  th"  driver  amplifier 
coincide  will,  tne  input  pressure  and  flow  of  the  d-iv.m 
amplifier.  There  points  ■  re  easily  found  by  superimposing 
the  input  characteristics  of  the  driven  amplifier  as  a  load 
line  on  the  output  characteristics  of  th*-  driver  as  shown  in 
(c)  of  Figure  l»i.8.  3. So  Digta’  devices  also  require  that  the 
operating  point*,  occur  When  th.-  input  characteristics  of 
the  driven  amplifier  and  the  output  characteristics  of  the 
Mover  coincide  (Figure  lG.H.il.Sd). 

*n  summary,  the  iouo  line  concept  can  be  generalised  in 
the  following  manner:  Whenever  two- fluidic  components 
are  connected  together,  the  coupled  behavior  can  be 
determined  by  sv.'penmposing  the  appropriTe  characteristic 


high;  PRissum 


Figure  18.8.3.5b  Co'ipl'nj  a  Diffwontial  Fluidic  Amplifier 
to  a  Psssiv*  Load 

(Adapted  with  permission  from  Refrrence  7/12,  "Fluidics 
Quarterly",  Janu.iry  1968,  C  A.  Be/sterling , 

Copyright  1988  hy  Fluid  Amplifier 
Associa-sl 

curves  for  the  two  component*.  The  only  stable  operating 
points  ore  those  r,  which  the  characteristics  intersect, 

ifj.8.3.6  CALCULATION  OF  THE  TRANSFER  (GAIN) 
CURVE.  Once  the  operating  conditions  have  been  defined 
by  the  superposition  of  characteristic  curves,  the  static 
transier  curve  can  be  calculated.  Referring  again  to  the 
example  shown  in  (c)  of  Figure  16.8.3.5c,  it  is  first 
neceusary  tc  determine  the  bias  (or  Quiescent)  point.  This  is 
given  by  the  intersection  of  the  «.ero  control  curve  of  the 
driver  amplifier  and  the  passive  load  characteristics  or  the 
Lias  curve  of  the  driven  amplifier.  At  this  point  tlure  will 
be  pr-ssuie  and  flow  when  there  is  no  signal  into  the  driver 
amplifier 
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RIGHi 

FLOWRATE 


(3) 


Figure  16.8.3.6c.  Coupling  Two  Differential  Fluidic  Amplifier* 
(Adapted  Jv  'h  permission  from  Reference  77 12,  "Fluidics 
Quarterly",  January  1968.  C.  A.  Belsterling, 

Copyright  1968  by  Fluid  Amplifier 
Associates) 

When  the  differential  amplifier  receives  an  input  signal,  one 
output  port  pressure  increases  while  the  other  decreases. 
Since  this  condition  applies  here,  it  is  appropriate  to  use  the 
differential  curve  for  the  “incremental"  load  line  for 
changes  about  the  operating  bias  point.  To  plot  the 
differential  pressure  gain  curve  for  the  driuer  amplifier 
loaded  with  the  second  differential  amplifier,  increments  of 
PC(i  are  taken.  Where  Pcd  “  0,  the  output  pressure  of  th» 
right  port  is  P0  j  and  tt.e  output  pressure  of  the  left  (if  the 
amplifier  is  perfectly  balanced)  is  also  P01.  Therefore,  the 
differential  output  Pod  is  zero.  Whon  Pcd  -  +1,  the  righ, 
output  is  P0j,  the  left  is  Pqj,  and  the  difference  i» 
”od  “  +2.  When  P?d  -  -1,  the  right  output  is  P03,  the  left  is 
p02.  the  difference  is  Pod  -  -2.  Continuing  this 


TRANSFER  OR  GAIN 


Figure  16.8. 3.5d.  Coupling  Two  Wall-Attachment  Ampllfian 

(Adapted  with  permission  from  Reference  771-2,  "Flu  dies 
Quarterly",  Jaruary  1968.  C.  A  Belsterling 
Copyright  1968  by  Fluid  Amplifier 
Arsociates) 

procedure  of  taking  inurements  of  PL.d  and  calculating  from 
the  curves,  the  value  of  P,,d  leads  to  u  coinple*  «  transfer 
(gain)  curve  as  shown  in  Figure  16.8.3.6.  This  defines  the 
pressure  gain  of  the  driver  amplifier  only  when  it  has  the 
driven  amplifier  as  a  load . 


Figure  16.8.3.6.  Pressure  Transfer  Curve  of  Differential 
Amplifie-  Loaded  with  Second 
Differentia!  Stage 

(Adapted  with  permission  from  Reference  771-2,  "Fluidics 
Quarterly ",  Janua  y  1968.  C.  A.  Belsterling, 
Copyright  1968  hy  Fluid  Amol.  fier 
Associate?) 
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lb.8.3 .i  STATIC  MATCHING  OF  CASCADED  FLUIDIC 
COMPONFN  I'S.  Having  introduced  the  load  line  method 
for  determining  the  performance  of  cascaded  fluidic  com¬ 
ponents.  it  is  necessary  to  note  that  the  ideal  case  was 
unsumed  in  the  illustration  given;  that  is,  no  matching 
problems  arose  In  this  section,  the  more  probable  occur¬ 
rence  of  matching  problems  is  considered. 

The  objectives  in  properly  cascading  fluidic  components 
are : 

a)  Pi  .aiding  proper  gains 

b)  Matching  operating  bins  points 
e)  Matching  operating  ranges. 

Proper  gains  are  usually  the  most  important.  However,  the 
designer  may  want  primarily  flow  gain,  leaving  pressure  gain 
and  power  gain  as  secondary  considerations.  On  the  other 
hand,  he  may  want  to  optimize  pressure  gain.  Operating 
bias  (quiescent)  points  are  established  by  the  desired 
pressures  and  flows  in  the  component  with  no  signal 
applied.  Operating  lunges  are  those  ranges  of  pressures  and 
flows  over  which  the  component  can  be  operated  with  good 
results. 


RIGHT  INPUT  PRESSURE,  PSI 

Figure  16.8.3.7b.  Static  input  Characteristics  of  Small  Vented 
Jet-Interaction  Amplifier 

I Adapted  with  permission  from  Reference  771-2,  "Fluidics 
Quarterly",  January  1968,  C.  A.  Belsterling, 

Copyright  1968  by  Fluid  Amplifier 
Associates) 

the  linear  range  of  amplification  is  about  ±6  percent  of 
supply  pressure. 


As  an  example  of  the  matching  problem  which  must  be 
considered,  suppose  an  existing  vortex  rate  sensor  with 
output  characteristics  as  shown  in  Figure  16.8.3.7a  is  used 
to  measure  rates-of-turn  from  10  degrees  per  second 
counterclockwise  to  10  degrees  per  second  clockwise. 
Amplification  of  the  rate  sensor  output  using  available 
oi  l  the-shelf  amplifiers  is  desirable. 


Figure  1S.8.3.7a.  Static  Output  Characteristics  of  Vortex  Rate 
Seriors 

( Adapted  with  permission  from  feference  771-2,  "Fiuioics 
Quarterly  ",  January  1968.  C  A  Belsterling, 

Copyright  1968  by  Fluid  Amplifier 
Associates) 

Vented  jet-interaction  amplifiers  are  available  in  a  limited 
number  of  standard  sizes.  Because  vortex  rate  sensors  are 
inherently  low-pressure  and  high  output  impedance  devices, 
an  amplifier  of  high  input  impedance  is  needed  to  match 
the  high  output  impedance  of  the  rate  sensor.  This 
requirement  implies  that  an  amplifier  with  smell  control 
nozzles,  and  therefore  an  amplifier  of  small  overall  size, 
should  be  used.  Figute  16  8.3.7b  shows  the  input  character¬ 
istics  of  a  typical  small  jet-interaction  amplifier  with  a 
0.0 10  x  0.025  inch  power  nozzle.  Note  that  the  preferred 
bias  operating  point  is  10  percent  of  supply  pressure,  and 


Following  the  procedures  fer  determining  the  operating 
characteristics  of  the  interconnected  rate  sensor  and  ampli¬ 
fier,  the  input  characteristics  of  the  amplifier  are  super¬ 
imposed  as  a  load  line  on  the  output  characteristics  of  the 
rate  sensor  as  shown  in  Figure  IS. 8.3. 7c.  Note  that 
preferred  operating  bias  points  and  operating  ranges  do  not 
match.  It  is  apparent  that  taking  increments  of  rate-of-turn 
to  plot  the  tranrfer  curve  yields  relatively  small  increments 
of  input  pressure.  This  result  occurs  because  the  input 
characteristic  of  the  amplifier  is  relatively  steep  compared 
to  the  rate  sensor  output  characteristics.  In  other  words, 
the  impedance  match  is  poor. 


Figure  16.8.3.7c.  Superposition  of  Static  Characteristics  of 
Vertex  Rate  Sensor  and  Vented  Jet- 
Interaction  Amplifier 

( Adapted  with  permission  from  Reference  771-2,  "Fluidics 
Quarterly",  January  1968,  C.  A.  Belsterling, 
Copyright  1968  by  Fluid  Amplifier 
Associates) 


If  it  is  necessary  to  optimize  pressure  sensitivity  of  the 
amplifier  rate  sensor  circuit,  an  amplifier  input  characteris¬ 
tic  with  relatively  low  slope  (high  resistance)  as  illustrated 
m  Figure  16.8,3.7d  is  required.  Then  if  increments  of 
rate-of-turn  are  taken  to  determine  the  resulting  increments 
of  amplifier  it  put  pressure,  a  vastly  increased  pressure 
sensitivity  is  found 
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Figure  16.8.3.7d.  Impjdance  Matching  for  Hlgl  Static  Pressure 
Guns 

(Adapted  with  permission  from  Reference  771-2.  "Fluidics 
Quarterly".  January  1968,  C.  A.  Belsterling, 
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Associates) 

Since  the  preferred  bias  point  for  the  amplifier  does  not 
coincide  with  the  zero  rate-of-turn  of  tbt  rate  sensor 
(Figure  16.8.3.7c),  one  of  at  least  three  methods  can  be 
used  to  correct  the  mismatch:  The  output  bias  level  of  the 
rate  sensoi  could  be  increased  by  raising  supply  pressure  as 
in  Figure  16.8.3. 7e;  the  amplifier  supply  pressure  could  be 
reduced,  maintaining  the  input  bias  at  10  percent  of  the 
supply  as  in  Figure  16.8. 3. 7f;  the  effective  loa  l  line  of  the 
rate  sensor  could  be  shifted  by  the  addition  of  resistors  in 
series  or  in  parallel  with  the  amplifier  input  as  in  Figure 
1 6.8.3. 7g.  (The  third  method  is  obviously  not  suitable  for 
correcting  the  type  of  mismatch  illustrated  in  the  example 
Droblem.) 


Figure  16.8.3.7s.  Matching  Operating  Points  by  Raising  Rats 
Sensor  Ou.put  Bias 

(Adapted  with  permission  from  Reference  771-2.  "Fluidics 
Quarterly'',  January  1968.  C.  A.  Belsterling, 
Ccpynght  1968  by  Fluid  Amplifier 
Associates) 


SUPERPOSITION 


RIGHT  PRtSSlIR! ,  PS  I 

Figure  16.8. 3. 7f.  Matching  Operating  Points  by  Reducing 
Amplifier  Supply  Pressure 

( Adapted  with  permission  from  Reference  771-2,  "Fluidics 
Quarterly".  January  1968,  C.  A.  Belsterling, 
Copyright  1968  by  Fluid  Amplifier 
Associates) 


Figure  16.8.3.7g.  Matching  Operating  Points  by  Adding  Restrictors 
in  Each  Side  of  the  Circuit 

(Adapted  with  permission  from  Reference  771-2.  "Fluicics 
Quarterly".  January  1968,  C.  A.  Belsterling, 

Copyright  1968  oy  Fluid  Amplifier 
Associates) 
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With  refcrerc  <•  to  Ftgur<’  16  .8. It. 7c,  it  it  apparent  that  there 
it  alto  a  mismatch  of  optimum  operating  range*.  The  rste 
aenaor  ia  capable  of  over  driving  the  amplifier  into  its 
nonlinear  range.  Again,  there  are  at  leaat  three  corrective 
technique*  to  be  investigated:  add  series  or  shunt  resistance 
in  the  differential  circuit,  change  the  output  bias  of  th<  rate 
sensor,  or  change  the  amplifier  supply  pressure.  Figure 
lb. 8. “1.711  shows  that  resistances  across  the  differentM  lines 
will  affect  the  slope  arid  length  of  the  differential  load  line 
but  not  the  operating  point  It  is  evident  that  two  of  these 
step*  are  also  us?d  to  match  the  operating  bias  points; 
therefore,  the  effect  of  one  upon  the  other  must  be 
considered.  Although  static  matching  of  fluidic  components 
requires  a  series  of  compromises  based  on  a  thorough 
understanding  of  component  behavior,  it  is  possible  to 
mutch  th"  components  in  a  logical  and  straightforward  way. 


Figure  18.8. 3. 7h.  Matching  Operating  Rangst  by  Adding  Restrictor 
Between  Differential  Lines 

(Adapted  with  permission  from  Reference  771-2,  "Fluidics 
Quarterly",  January  1968,  C.  4.  Belsterling, 

Copyright  1968  by  Fluid  Amplifier 
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Hie  same  matching  procedure  also  cat;  be  used  for  digital 
components.  As  long  as  the  switching  portion  of  the  input 
characteristic  falls  within  the  boundaries  of  the  two  output 
characteristic  curves  of  the  driving  component,  tho  devices 
are  roughly  matched;  the  driving  amplifier  is  capable  of 
switching  the  driven  amplifier.  However,  for  maximum 
efficiency  or  exact  matching  of  the  range  capability  of  the 
driving  amplifier  witii  that  of  the  driven  amplifier,  it  is 
necessary  to  match  the  input  and  output  characteristic 
curves  as  shown  in  Figure  16.8,3.7i. 

In  most  digital  circuits,  one  objective  is  to  provide  output 
signui  fan-out  from  a  given  stage  fer  the  purpose  of  driving 
multiple  stages  in  parallel.  Therefore  in  matching  digital 
devices,  one  can  often  connect  a  number  of  similar  units  in 
parallel  across  the  output  of  the  driving  component  until 
the  total  range  capability  of  the  driving  component  ia 
achieved.  Kange  matching;  however,  ia  somewhat  separate 
from  bias  cr  operating  point  matching  because  it  may  have 
to  be  accomplished  using  padding  restrictors. 


Figure  16.8.3.71.  Matching  Operating  Range*  of  Wall-Attachment 
Acvlhfat* 

(Adapted  with  perm  ssion  from  Reference  771  2,  "Fl  jidics 
Quarterly",  January  1968,  C  A.  Belsterling, 

Copyright  1968  by  rUnd  Amplifier 
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16.8.3.8  DYNAMIC  AND  SMALL-SIGNAL  ANALYSIS. 
Graphic  methods  of  performance  analysis  are  general  but 
valid  in  all  situations  if  complete  static  and  dynamic  data 
are  available.  However,  for  small  analog  6ignAls,  the  graphs 
are  inaccurate.  In  the  case  of  analog  circuits,  a  more  exact 
and  convenient  method  of  calculating  performance  is 
accomplished  by  linearizing  parameters  around  the  oper¬ 
ating  bias  point  and  employing  them  in  an  equivalent 
electrical  circuit.  This  approach  has  been  widely  used  in  all 
forms  of  engineering  analysis,  including  electronics,  acous¬ 
tics,  pneumatics,  hydraulics,  and  mechanics. 

In  digital  circuit  analysis,  the  equivalent  electrical  circuit  is 
also  of  valu''  despite  the  fact  that  linearizing  lumped 
parameters  for  such  large  signals  it  a  gross  oversimplifica¬ 
tion.  Specifically,  its  value  lies  in  estimating  transient 
response  and  in  gaining  considerable  insight  into  the 
dynamics  of  the  circuit. 

The  process  of  developing  an  equ'valent  electrical  circuit 
for  a  fluidic  component  can  be  a  difficult  analytical  task. 
Fortunately,  useful  analog  mathematical  models  have  been 
developed  through  comprehensive  experimental  testa.  To 
date,  this  ia  the  only  known  approach  which  hat  produced 
useful  results. 


The  equivalent  circuit  for  a  proportional  vented  jet- 
interaction  amplifier  is  shown  in  Figure  16.8.3.8a.  At  high 
frequencies  where  resistive  elements  no  longer  satisfactorily 
describe  amplifier  behavior,  several  time  delays  including 
vhoae  due  to  transit  time,  wave  propagation,  and  the 
presence  of  reactive  circuit  elements  *uch  a*  volume 
capacitance  must  be  considered.  The  element  in  aeries  with 
the  input  circuit,  2Lc.  is  due  to  inertance  in  the  line  to  the 
control  no7de.  The  shunt  elements,  2RC  and  Cc/2,  are  the 
effective  nozzle  resistance  and  volume  capacitance  of  the 
control  line.  Tho  equivalent  generator,  2Kp,  contains  a 
delay  factor,  e"J,d,  which  includes  wave  propagation  and 
transit  times  in  the  total  path  from  the  control  port  to  the 
load  terminals.  The  output  circuit  contains  a  series  inductor 
(2L„),  a  resistor  (2R0),  and  a  shunt  volume  capacitor 
(C„/2).  If  the  lines  to  the  load  are  short,  the  load  volume 
capacitance  and  the  load  resistance  (2R£)  parallel  both.  The 
transfer  function  for  this  amplifier  contains  an  attenuation 
due  to  the  output  circuit  resistor  network,  a  gain  factor 
equal  to  twice  the  amplification  factor,  a  time  delay,  and 
several  quadratic  factors  resulting  from  the  combination  of 
time  constants  in  the  input  and  output  networks. 
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Figurt  16  8.3.8a.  Equlvelent  Elactrica)  Circuit  for  Vantad  Jet 
Intar  action  Ampliflar  Valid  to  400  ops 

( Adapted  with  permission  from  Reference  771-2,  "Fluidics 
Quarterly",  January  1968.  C  A.  Belsterlmg, 
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The  equivalent  circuit  for  a  digital  vented  wall-attachment 
amplifier  ic  shown  in  Figure  i6.8.3.8b.  The  element  in 
series  with  the  input  circuit  it  the  effective  inductance,  2L*, 
due  to  mertance  in  this  line  The  shunt  elements,  2Rt  and 
C.-/2,  are  the  effective  control  nozzle  resistance  and  the 
effective  volume  capacitance.  These  elements  are  at  least 
double-valued,  depending  on  tl  i  state  of  the  output  circuit. 
Therefore,  there  is  a  feedback  loop,  containing  some 
dynamics  due  to  conditions  in  the  interaction  region,  which 
changes  the  effective  input  impedance  values  when  the 
power  stream  switches  from  one  wall  to  the  other 


Figure  16.8.3.8b.  Equivalent  Electrical  Circuit  of  WUI-Attachmant 
Amplifier 


(Adapted  with  permission  from  Reference  771-2,  "Fluidics 
Quarterly",  January  1968.  C.  A,  Selsterhng, 
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The  equivalent  generator,  2Kp>  effectively  acts  u  a  pressure 
switch  triggered  at  a  level  determined  by  feedback- 
controlled  reference  diodes.  It  contains  a  delay  factor, 
e-«‘d,  which  includes  wave  propagation  and  transit  times  in 
the  total  path  from  the  control  port  to  the  output  ports. 
The  output  circuit  is  similar  to  that  of  the  proportional 
amplifier  and  contains  series  inductance,  shunt  capacitance, 
and  aeries  resistance.  If  the  loads  are  closely  coupled,  the 
load  impedances  are  directly  in  parallel  with  the  amplifier 
capacitance.  The  dynamic  response  contains  a  nonlinear 
second-order  term  due  to  the  input  circuit,  a  time  delay  due 
to  transit  time,  and  a  linear  second-order  term  due  to  the 
output  circuit. 

16.8.3.9  CASCADING  EQUIVALENT  CIRCUITS.  If 
fluidic  components  are  cascaded  (one  becomes  the  load  on 
the  other),  their  equivalent  electrical  circuits  are  cascaded 
in  a  similar  way.  Figure  18.8.3.C  illustrates  the  connection 
of  a  vented  jet-interaction  amplifier  to  the  output  of  a 
vortex  rate  sensor  for  the  purpose  of  amplifying  the  signal. 
The  cascading  of  the  equivalent  circuits  simply  involves 
connecting  the  output  terminals  of  the  rale  sensor  circuit  to 
the  input  terminals  of  the  amplifier  circuit 
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Pifluro  16.8.3.9.  Cascading  Equlvtlant  Circuit*  -f  Vortex  Rets 


Sensor  end  Jet  Interaction  Ampl  ter 

(Adapted  with  permission  from  reference  771-2,  "Fluidics 
Quarterly  ",  January  1968  C.  A  Jelster/inij, 

Copyright  1968  by  f  uul  Amplifier 
Associates I 

16.8.3.10  DERIVATION  OF  THE  TRANSFER  FUNC- 
TION.  The  derivation  of  the  transfer  function  for  the 
cascaded  fluidic  components  invoiv.,  the  straightforward 
analycis  of  the  equivalent  electrical  circuits  by  well  known 
mathematical  models.  Specifically,  it  involves  loop  analysis 
of  each  set  of  coupled  circuits  using  the  LaPlace  trai  sform 
notation  and  combination  of  the  results  into  a  single 
transfer  function.  The  transfer  function  descrioes  the  small 
signal  static  and  dynamh  behavior  of  the  cascaded  rate 
sensor  and  amplifier.  To  calculate  the  behavior  in  numerical 
form,  it  ih  flrut  necessary  to  evaluate  each  of  the  equivalent 
circuit  parameters  contained  in  the  transfer  function. 

16.8.3.11  CALCULATING  FREQUENCY  RESPONSE. 
The  procedure  for  calculating  the  frequency  response  of 
cascaded  flurdic  component  is  to: 

a'  Generate  the  coup'ed  equivalent  circuit 

b)  Derive  the  transfer  functic 

c)  Calculate  the  performance  par  mete** 

d)  Substitute  them  into  the  tram  •  'unction. 


The  result  would  be  a  numerical  ■  i; valent  of  the  transfer 
function  containing  the  LaPlace  transform  variable,  s,  from 
which  the  frequency  response  c.  u  be  calculated  iry 
substituting 

S  J0J--;j7lT  (Eq  16.3.3.11) 


Figure  16-8.3.11. 


_  FK.onrNOr.CPi 

Frequency  mnponse  ot  Combined  date  Sensor 
and  VenteiS  Jet-lntr  rection  Amplifier 
(Bode  Dirwem) 


(Adapted  with  permission  from  Reference  7' 12,  "Fluidics 
Quarterly".  January  1968,  C.  A.  Belste-ling. 
Copyright  1968  by  Fluid  Amplifier 
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16.3.4  Digital  Circuit  Dasign 


Thus  th«  binary  number 


The  black  bov  approach  and  atalic  mat  -hing  techniques 
describe  I  in  Sub-Topic  16.8.3  apply  to  the  interconnection 
of  any  fluidic  element.  Howr.er,  moat  (hgiial  fluidic  device* 
are  deaigned  with  high  input  and  otuput  impedar.tea,  ao 
that  control  inputa  are  isolated  from  each  oih«*r  and 
function  independently  of  the  output*.  Fluidic  circuit 
design  incorporating  this  type  of  element  can  be  a  very 
alraightforward  (auk.  The  principles  outlined  below  have 
evolved  for  uac  with  pneumatic,  hydraulic,  electrical, 
electronic,  mechanical,  and  optical  controls  and  ahould 
apply  equally  well  to  fluidic  digital  circuit  ciedgn. 

Binary  arithmetic  it  the  operating  arithmetic  for  all  modern 
computing  and  logic  device*  with  binary-to-decimal  conver- 
aion  used  cnly  where  the  lumber  ia  desired  in  familiar 
decimal  form.  The  reasons  tor  the  univeraal  uae  of  binary 
technique#  arc  the  simplicity  of  the  gyAetr  for  all  arithme¬ 
tic  manipuiationa,  auch  aa  addition  aitd’muUiphcation,  and 
the  ease  with  which  the  deaired  function  can  be  in.ple 
men  ted  with  any  two-atate  device, such  r*a  aimple  switch  of 
any  type. 

Symbolic  logic  notation  is  the  language  used  to  express 
binary  arithmetic  functions  and  logical  decision-making 
functions.  The  equations  uaed  to  express  the  problem  (and 
its  solution)  are  in  the  form  of  symbolic  logic.  Thus  logic  is 
the  language  of  binary  arithmetic.  To  understand  binary 
systems  (and  their  implementation  with  logic  devices),  it  is 
necessary  to  know  binary  arithmetic  and  symbolic  logic. 

16.6.4.1  BINARY  ARITHMETIC.  Binary  arithmetic  uses 
only  two  digits.  For  convenience  the  digits  chosen  are  0  and 
1  No  other  digits  are  used  in  binary  arithmetic,  and  all 
numbers  are  expressed  with  these  two  symbols,  as  shown 
below: 


Decimal  Number 
0 
1 
2 

3 

4 
6 
6 

7 

8 
9 

10 


Binary  Number 
0000 
0001 
0010 
0011 
0100 
0101 
01 '0 
0111 
1000 
1001 
101*> 


10101  -  16  *  4  ♦  1  -  21 

Mlmi)  >riy,  numb**ru  to  the  right  «  f  e  decimal  po'  it  can  be 
found  from  negative  powers  of  2: 

0.1  -  2‘1  *  1/2 

0  01  -  2-2-  1/4 

0.001  -  2-3  -  1/8 

Uterelure  any  decimal  number  can  be  expressed  in  binary 
form,  and  vice  versa.  Note  that  in  binary  ail  numbers  can 
have  only  the  two  choeen  marks.  Number*  appear  like  this: 
11101,  111011,  1101111,  1111111. 

16.8.4.2  ADDITION  WITH  BINARY  NUMBERS.  Binary 
is  the  easiest  set  of  numbers  in  which  to  perform 
arithmetic;  this  it  th<-  reason  why  the  binary  system  ia  uaed 
in  computer*  and  logical  networks.  In  decimal  addition,  we 
are  forced  to  remember  that  9  plus  8  are  17;  that  5  plus  6 
are  lx;  and  so  on.  In  binary,  we  need  remember  only  the 
following  two  aimple  rules; 

a)  Rule  1 :  0  plus  1  ia  1 

b)  Rule  2:  1  plus  1  ia  0  and  carry  a  1  to  the  next  column 
left. 

With  these  two  rules  we  can  perform  addition.  Thus,  if  we 
are  to  rdd  2  and  3  (binary  10  end  11) 

10-  2 

11-3 

"T 

0  carry  1  left 
1  the  carry 
101  -  6 

Let  ua  add  two  bits  (binary  dlgita),  which  we  ah  all  call  a 
and  B.  Am  each  bit  can  be  a  0  or  a  1,  there  a u  four  poaaible 
combinations  of  A  and  B,  as  shown  in  the  input  column  of 
the  following  truth  table: 


Input 

Output 

S  exists  when 

C  exist*  when 

A  B 

S 

c 

0  0 

0 

o 

0  i 

1 

0 

A  B 

1  0 

1 

0 

AB 

1  X 

0 

1 

AB 

The  progression  of  number*  ia  by  powers  of  2,  as  follows: 

1  -  1-20 
10-  2-2l 
100  -  4  -  22 
1000  -  8-23 
10000  -  16  -  24 
100000  -  32  -  2® 


Note  that  a  sum  (S)  exist*  when  either  A  or  B  ia  1;  a  carry 
(C)  exists  only  when  both  A  and  B  are  1.  Theae  situations 
are  exprersed  in  the  language  of  logic  in  the  last  two 
columns. 

16.6.4.3  SYMBOLIC  LOGIC  NOTATION.  In  the  language 
of  logic,  each  bit  is  called  A,  B,  etc.,  if  it  is  a  1:  it  ia  called 
X,  3,  etc.,  if  it  is  a  zero,  with  tho  bar  representing  the  word 
not.  That  ia, 
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X  '  not  \ 

0  ■  not  B 

From  the  truth  table  above,  if  the  input#  a.e  A  **  0  and  B  " 
1,  then  a  aum  exist#.  This  (not  A  ind  B)  is  written 

8  -  XB 

Similarily,  if  A  *  i,  and  B  •  0,  a  sum  exists.  This  (A  and  not 
0)  is  wrtlen 

s*aB 

We  can  now  say  i  at  an  adder  is  a  device  that  develops  an 
output  signal  when: 

S-(Aand  >t  B)  or  (B  and  not  A) 

■  A  8  or  B  X 

16.8.4.4  THE  AND,  Oil  CONCEPT,  in  1854,  the  book 
Law *  of  Thought  by  George  Boole  was  published.  Boole 
proposed  the  theory  that  the  logical  relationship  between 
objects  can  be  expressed  in  terms  of  the  concept#  AND  and 
OR;  that  is.  given  objects  A  and  B,  then  the  only  relations 
involving  A  and  B  can  be  exoreaeed  as  (1)A  AND  B, 
meaning  that  both  must  exist  at  one  time,  or  (2)  A  OR  B, 
meaning  that  one  can  exist  without  the  other  I>»e 
expression  A  AND  B  is  usually  written  A  ■  B  or  AB;  A  OR 
B  is  written  A  +  B,  with  the  ♦  sign  meaning  OR!  Note  that 
it  does  not  menu  addition. 

Ihe  simplicity  of  binary  techniques  has  .sed  the  arithme¬ 
tic  based  on  Boole's  postulates  to  oecome  r  powerful  tool 
for  designing  circuits  involving  switching  and  interlocking 
relations.  Today,  Boolean  algebra  (symbolic  logic  arithme¬ 
tic)  is  used  In  the  design  of  most  digital  circuitry.  The 
extent  of  the  field  can  be  inferred  from  the  fact  that  more 
than  60  manufacturers  now  offer  electronic  modules  (called 


gates),  that  perform  the  simple  AND  and  OR  functions, 
described  as  follows: 

Consider  two  binary  variables  (A,  B).  As  there  are  two 
conditions  for  each  variable  and  two  poaaible  relations 
(AND,  CR),  there  are  only  eight  poaaible  relationships 
(called  logic  expremionr): 

A  +  B  (A ORB) 

:u 

AB  (A  AND  B) 

(2) 

AB  (A  AND  not  Mj 

(3) 

BA  (BAND  not  A) 

(4) 

XB  (not  A  AND  not  B) 

(5) 

X  <  B  (Not  A  OR  not  B) 

(«) 

A  +  B  (A  OR  not  B) 

(7) 

B  +  X  (BOR  not  A) 

(8) 

Logic  expressions  can  be  factored,  multiplied  together,  etc., 
by  following  a  few  obvious  (logical)  rules,  as  follows: 

AA  - A 

(9) 

A+B-B+ A 

(10, 

A- A 

(ID 

A(E  ♦  C)  -  AB  ♦  AC 

(12) 

A  +  BC  -  (A  +  B)  (A  ♦  C) 

(13) 

A  *  AB  “  A 

(14) 

A  ♦  AB  +  AC  ♦  AD  •  \ 

(15) 

AB  -A+B 

(16) 

AGT  -  a  b 

07) 

Most  of  (he  ubov.*  rules  are  obvious.  A  AND  A  must  be  A; 
if  A  must xi.il  >n  the  expression  A  +  AB,  thin  A  alone  is  #11 
thsl  is  teede  I.  Ex  press, oris  (16)  a. id  (17)  follow  from  the 
single  most  powpiful  manipulative  technique,  one  that 
permits  any  logic  expression  using  AND  relations  to  be 
converted  :nto  another  expression  using  OR  relations  —  the 
DeMorgan  inversion. 

'Hie  two  basic  logic  operations  are  AND  and  OR.  Expres¬ 
sions  involving  AND  logic  can  be  changed  into  OR  logic, 
and  vice  versa,  by  use  of  DeMorgan’s  theorem,  also  known 
as  the  involution  law,  inversion  postulate,  or  duaiitation 
law.  DwM  organ's  theorem  states  tnai  •  logic  expreosion  can 
ba  in  veiled  simply  by  (I)  inverting  each  term  of  the 
expression,  (2)  changing  each  AND  element  into  an  OR 
element,  and  (3)  changing  each  OR  element  into  an  AND 
element.  For  example,  to  invert  the  expression  A  ♦  b: 

A  ♦  B  inverted  -  X*+TJ  *  X  B 

To  invert  AB: 

AB  ■  X  +  B 

To  invert  the  expiession  (A  +  B)  +  (AB) 

(A  ♦  B)  +  (AB)  *  ( A  +  B)(AB)  «  (A  +  B)(A  +  M)  -  AB  +  BA 

Note  in  the  above  that  each  term  in  parentheses  is 
considered  an  entity.  To  invert  C  “  AM,  we  get 

C  "  AB  •  A  ■>  B 

To  invert  C  -  A  +  B 

X  *  B - AB 

If  we  reinvert  the  last  expression 

C-C-AB-A+B 
Note  heie  that  AB  «  A  ♦  B. 

Even  the  most  complicated  digital  computer  in  existence  is 
baaed  on  only  the  simple  logical  functions  of  addition  and 
comparison.  All  multiplication  is  but  a  series  of  additions; 
all  decisions  are  made  by  comparing  some  number  (the 
result;  with  sone  predetermined  number.  Thus  addition 
and  comparison  are  the  two  b»sic  functions  of  all  digital 
circuits,  and  the  two  simple  symbolic  expressions  for  the 
half-adder  and  comparator  appear  time  and  time  again  in  ail 
digital  and  logical  circuits. 

Half  Adder:  8  -  aB  «■  BX 

Comparator:  S  *  AB  +  AB 

AND  and  OR  are  the  two  basic  logical  relations.  All  other 
expressions  arc  but  variations  of  the  AND  and  OR  relations 
and  can  be  expressed  in  AND,  OR  terms  by  the  DeMorgan 
technique,  including  the  common  NOR  logic. 

16.8.4.5  DIGITAL  LOGIC  OPERATORS.  The  basic  build¬ 
ing  block  used  in  the  design  of  logic-type  circuitry  is  the 
operator  or  gate.  A  g  .te  is  defined  as  s  device  having  several 
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input*,  and  designed  mi  that  there  is  an  output  whan  a.id 
only  when  u  certain  definite  ■  rt  f  input  condition*  are 
met.  Digit*  I  logic  utilises  the  three  be  m-  operators  used  in 
Boolean  algebra  AND,  OR,  and  NO.  .  Jn  addition,  there 
are  three  more  operator*  which  are  useful  combination*  of 
the  bcaic  operators:  NOR,  NANI),  and  exclusive  OR.  The 
last  operator  i*  the  flip  flop  which  i*  actually  a  memory 
function. 

Control  system*  make  decision*  baaed  on  information,  but 
automatic  systems  are  generally  lacking  in  value  judgement. 
Thl*  n leans  we  must  define  our  operator*  precise!;'  so  there 
can  never  be  a  doubt  about  their  exact  meaning.  The 
accepted  logic  definitions  arc  very  aimilar  to  the  common 
language  definition*  and  are  not  difficult  to  remember 

In  system  design,  the  easiest  way  to  think  of  operators  i.  as 
black  boxes.  A  black  box  takes  informat  ion  in  and  gives  a 
decision  out.  The  exact  meant  used  to  convert  information 
into  a  decision  is  not  important  but  it  is  nec*tta>,  know 
what  daciaion  the  black  box  makes.  This  la  accomplished  by 
naming  tha  Slack  box  after  the  operator  that  describe*  It* 
decision,  so  that  several  black  boxes  are  available,  which  are 
named  AND,  OK,  NOT,  NOk,  NAND,  exclusive  OR,  and 
flip-flop. 

Tile  information  Inputs  must  be  in  Yes  or  No  form.  For 
example,  the  port  is  in  position  or  it  is  not;  in  position  is 
Yet,  not  in  position  is  No.  Then  the  black  box  operators 
may  be  defined  in  terms  of  the  inputs  and  output  as  shown 
in  Table  16.8  4.5a. 


Table  If  .8.4. t*.  Wadi  Boa  Definitions 


Black  3ox  Name 

Information 

Decision 

(Operators) 

(Inputs) 

(Output) 

AND 

All  yes 

Yes 

One  or  more  no 

No 

OR 

One  or  more  ye* 

Yes 

All  no 

No 

NOT 

No 

Ye* 

Yes 

No 

NOR 

All  no 

/w 

) 

One  or  more  yes 

No 

NAND 

On*  or  more  r  -> 

Ye* 

All  yei 

No 

L.  _  . 

Exclusive  OR 

One  yea,  one  no 

Yes 

Both  yes 

No 

Both  no 

No 

i  ■ 

Flip-Flop 

Last  input  ye* 

Yes 

Last  input  no 

No 

Several  sets  of  standard  symbols  have  been  adopt* .!  to 
facilitate  the  ready  identification  of  the  digitsJ  logic 
operators  The  symbols  defined  in  MIL-STD-8G6  (Refer¬ 
ence  447-9)  are  shown  in  the  dig'tal  logic  cross  reference 
chart  (Tabie  16.8.4.5b)  along  with  abbreviated  function 
descriptions. 
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16.8.4.6  DESIGN  PROCESS.  Fluidic  circuit  design  can 
proceed  at  any  level,  depending  on  the  complexity  of  the 
circuit  involved.  Complex  circuits  can  be  convened  Into 
Boolean  functions  and  simplification  techniques  'ised  to 
minimise  the  amount  of  circuitry  involved.  Minimisation 
can  be  accompliahed  by  computer  techniques  or,  in  the 
simpler  cases  by  the  V«iLch-diagram  or  Harvard-chart 
method*  (Reference  772-1).  The  elementary  form  of  the 
Boolean  function*  or  operator)  may  than  be  convert***  nt  > 
standard  digital  logic  operators  and  a  circuit  drawn  uaing 
stan  tin  id  logic  or  fluidic  device  symbols  (Table  16.8.4  Lib). 

Digital  circuit  theory  ia  well  established  and  can  easily  be 
applied  to  fluidic  circuit  design.  However,  where  power 
drain  is  not  particularly  significant  tha  design  of  simple 
digital  circuits  can  be  accomplished  directly  with  fluidic 
device  symbols.  NOR  logic  can  also  be  used  to  design 
simple  circuit*  for  many  applications  which  ran  have 
economic  advantages  in  that  all  of  the  connective  logic  can 
be  accompliahed  with  a  single  log1*-  element  (see  Table 

16.8.4  6b). 

16.8.5  Fluidic  Operational  Amplifier* 

The  basic  hi* tiding  Uocks  used  in  fluidic  operational 
amplifiers  are  staged  prcoortional  amplifiers  or  high-gain 
blocks  (Reference*  23-69,  760  1).  The  high-gain  block  can 
provide  iinaar  forward  gains  as  high  as  10,000.  In  general 
push-pull  or  differential  techniques  are  used  in  analog 
fluidic  circuitry  for  increased  linearity  and  power  utilir.a- 
tio  *.  This  also  allows  simple  sign  Invenion  by  croaaing  over 
connections.  When  this  gain  block  ia  connected  into 
feedback  networks  consisting  of  fluidic  linear  resistors  and 
capacitors,  a  number  of  very  desirable  performance  char¬ 
acteristics  can  be  obtained.  Steady-state  or  dc  character¬ 
istics  available  with  these  operational  amplifier  techniques 
are: 

a)  Fixed  gain  where  the  load  and  supply  pressure  vary 

b)  Accurate  signal  summation 

c)  Signal  limiting 

d)  Isolation  amplifier 

e)  Adjustable  gain  amplifier . 

The  dynamic  or  ac  characteristics  which  can  be  obtained 
are: 

a)  Flat  frequency  respo.ae 

b)  Lag-lead 

c)  Lead-lag 

d)  Simple  lag 

e)  Notch  network. 

The  following  material  (Detailed  Topics  16.8.5.1  through 
16.8.5.7)  was  adapted  froiv  a  paper  by  M.  C.  Doherty 
(Reference  62-77). 

16.85.1  REVIEW  OF  OPERATIONAL  AMPLIFIER 
TECHNIQUES.  Before  proceeding  in  detail  into  each  of 
these  functions  it  is  worthwhile  to  review  operational 
amplifier  techniques  which  have  been  developed  in  the 
electronics  field.  A  simple  first  order  analysis  shows  the 
advantage  of  employing  these  techniques.  The  usual  analo¬ 
gies  are  used  to  analyse  equivalent  fluidic  circuits.  A  basic 
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operational  amplilier  rln "U  It  thowt.  in  I  ifirr  10  I*. 6.1  It 
consists  of  tr.  input  reai-.u.r,  R,,  a  feedback  red ia tor,  F  f ,  a 
Hqh  gain  ainplifier  with  n  cam  of  K,  and  iU  Inherent,  input 
real j lance .  Ft,  Current  or  flow  ta  designated  aa  W  and 
preaaurr  aa  P.  Applying  KlrchhuffY  Irw  for  the  flow  into 
the  •uinming  Junction, 

•A.4*.  *.t 

Rewriting  in  terms  of  ruaiatance  and  preaaure  gives 

l\  I',  I'.,  Pf  »*, 

ur  4  ¥f~  h: 

can  be  eliminuted  uaing  the  amplifier  gain  relationship 

l'„  Ki*(  (Kg  10  a.*.th| 


Figure  IR.g.6.1.  Bask  Operational  Amplifier  Circuit 
lAdeprvd  witn  permission  from  Reference  5 2-77,  “Apply inf 
fluidic  Operational  Amplifiers'’.  ISA  Paper, 

M.  C.  Doherty,  October  19681 

Equation#  (  16.8.6. la)  and  (16. 8.6. lb)  can  be  cumbined  and 
reduced  to  the  form 

.Fa  16.6.6.  Id 


Equation  (16. li  6.1c)  can  be  rewritten  In  the  familiar 
control  system  termi  with  the  aubatitution  of 

V,  =  K 

for  the  \wward  gain  of  the  loop,  and 

1 


II 


,  Kf  K, 

i  +  —  +  — 


Ht  Kc 

for  the  feedback  gain  (attenuation).  Therefore 


I1..  Hi  (.11  I 

v,  r;  []  T-tinJ 

Th*  atgnlflcance  of  (Equation  (lt.H  b.il)  la  that  thr  tranaler 
funct'on  la  determined  Drimarily  by  the  paaaive  Input  and 
feedback  re.latora  warn  tile  loop  gain  QH  la  large.  Varia 
tiona  in  the  gain  of  the  active  amplifier  due  to  loading 
condition  or  attpply  preaaure  changea  are  practically  ulinil 
nated  from  the  tranafer  function.  These  characteristics  can 
be  i  .panded  ao  that  aigna)  aummation  *«  accompliahed  with 
the  addition  of  parallel  input  resistors  and  frequency 
ahaping  functiona  accompliahed  by  including  capaaitora  in 
various  parta  of  the  circuit. 

Of  courae,  aa  with  any  cloned  loop,  atabllity  meat  be 
eonaidered.  The  open  locp  transfer  function,  OH,  muat  be 
attenuated  below  unity  gain  before  180  degrees  of  phaac 
ahift  are  accumulated.  The  aharacteriaiioa  of  the  gain  block 
approx ima.^  a  pure  tin  c  delay  without  attenuation  in  the 
frequency  range  of  interest  (I  tea  thar.  1000  cpa).  For 
nubility  purpoaea  the  gain  block  transfer  function  ahould 
be  refined  to  include  thia  term  aa 

(;  -  N«*’r  1  * 

where  r|,  the  transport  lag,  has  an  approximate  value  of 
6.5  x  10  *  seconds  and  a  Is  the  LaP'aoe  operator.  Clearlv, 
some  attenuation  must  be  added  to  the  loop  lor  atabllity. 
Small  pneumatic  capacitor*  added  to  the  amplifier  output 
piovtde  thia  attenuation.  The  open  loop  transfer  function 
thus  becomes 

(Rq  16.6.6.1s) 


where  r  j  ■»  the  RC  time  constant  of  the  stabilising  volumes. 
The  dosed  loop  trantfef  function  la  not  limited  in 
frequency  reeponee  directly  by  the  break  frequency  of  tlir 
stabilising  volumes.  The  lag  in  this  expression  appears  aa 

(6q  16.6.8.11) 


Thus  tha  cloaad-loop  lag  time  constant  is  the  stabilising  lag, 
rji  reduced  by  tha  quantity  (1  ♦  OH).  Hiia  la  tha  frequency 
where  the  open  loop  transfer  function  has  unity  gain.  In 
normal  ayatem  design,  the  small  phase  lag  contributed  by 
tl.e  operational  amplifier  la  neglected  and  tha  simple 
transfer  function  of  Equation  (16. 8. 6. Id)  is  employed. 

16.8.6.2  FLAT  RE8P0NSE  AMPLIFIER.  This  is  the 
simnlest  and  most  common  application  of  fluidic  opera¬ 
tional  amplifiers.  The  principal  requirements  are  that  the 
transfer  function  be  an  accurate  and  constant  amplification 
ir dependent  cf  the  input  frequency,  supply  pressure 
variations,  load  conditions,  and  input  null  level  (bias  level). 
Figur  16.8.6.2*  shows  plotter  traces  of  pressure-gain 
characteristics  of  a  model  FS-12  amplifier  with  supply 
pressure  and  load  variation*.  Typical  frequency  response  is 
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•hown  In  Figure  1C. 8. 6. lib.  The  gain  is  frequency  indr 
pern  nl  or  flat  out  to  approximately  200  ops 


Figure  K.8  S.h  Modal  t'S-12  Operational  Ampltllef 
Performing 

(Courtesy  of  General  Electric  Company.  Sct'anectedy.  New  York) 
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Figure  16.3.6.1b.  Operational  Amplifier  Freq'ieocv  Response 

(Courtesy  of  General  Electric  Company.  Schenectady.  New  York) 

Thu  typa  oparatlonal  amplifier  u  uaad  in  many  fluidic 
control  circuit*  wl.sre  sensing,  computation,  and  logic  are 
accomplished  at  vary  low  power  lavela  and  the.i  ampliiiad 
to  a  higher  powar  (aval  actuator.  I  arga  powar  amplification 
can  cauaa  inaccuracies  so  that  often  a  closed  loop  ia 
required  The  FS-12  can  provide  a  block  of  the, amplifica¬ 
tion  and  the  summing  junction  for  this  typa  of  loop. 


duecr  t-uiMia.h  of  an  eccentric  cam  on  the  t.  "I  valve  ahalt 
and  a  flappei  noxale  sensor. 


M«  I  . 


Ftgjre  16. 8.6.2c.  HR  -12  Oum.ntnq  Amplifier  «n  J79  Turbo|at 
Engine  Control 

(Courtesy  of  General  Electric  Ownnwiv  Schenectady,  New  York I 


The  transfer  function  for  the  summing  amplifier  can  be 
i)  ’velopod  in  a  manner  similar  to  the  single-input  amplifier 
of  Equnllon  PO.B.ft  Id) 


Typical  pressure-gain  plots  for  thu  type  of  amplifier  arc 
shown  In  Figure  16. 8.6. 2d.  Each  input  channel  is  shown  to 
have  a  gam  of  <16.  Summing  accuracy  is  demonstrated  by 
thj  plot  cf  a  single  input  signul  summed  wiili  itself  and 
subtracted  from  itself.  The  gain*  for  those  two  case*  an*  90 
and  aero  which  agree  with  the  predicted  gain  from 
Equation  (16.8.6.2).  Another  application  of  the  fixed-gain 
operational  amplifier  to  jet-engine  or  gas-turbinc  fuel 
control  is  a*  u  variable  signul  limiter.  Figure  16.8  6.2. 1 
indicate!  how  the  output  of  the  amplifier  has  very  flat 
saturations  resulting  in  a  limited  output  pressure  when  the 
input  signal  is  vsry  large.  The  saturation  level  is  a  function 
of  supply  pressure  at  a  constant  load.  This  characteristic  lias 
been  utilised  by  inserting  the  operational  amplifier  in  the 
fuel  control  loop  and  supplying  it  with  pressure  propor¬ 
tional  to  compressor  discharge  pressure  (CDP).  In  this 
manner  the  amplifier  calls  for  fuel  flow  proportional  to 
■peed  error  during  steady-state  condition*  and  limit*  fuel 
flow  a*  a  function  of  CDP  during  transient  accelerations 
when  large  speed  error*  exist,  which  protects  the  turbine 
against  over  temperature  and  the  compressor  from  atoll. 
This  function  i*  very  complex  to  mechanise  using  conven¬ 
tional  hydromecl  anicul  components. 


A  feasibility  demonstrator  of  a  fluidic  main  fuel  oontrol  for 
a  J79  turbojet  engine  represents  a  typical  application  of  thia 
function  (Reference  68*98).  A  fuel  valve  position  loop, 
shown  In  Figure  16.8.5.2c,  provides  fuel  flow  proportional 
to  a  low-presnun  fluidic  input  signal.  The  fixed-gain 
amplifier  Is  used  to  provide  an  amplification  of  45  and  to 
sum  the  feedback  position  signal  of  the  rotary  fuel  metering 
valve  with  the  input  signal.  The  position  feedback  tnna- 


Tie  characteristic  high  input  impedance  cf  the  FS-12 
operational  amplifier  has  been  frequently  uaed  to  uncouple 
or  isolate  a  pneumatic  sensor  from  a  fluidic  circuit  either  to 
minimise  tin*  ioad.ng  effects  on  the  sensor,  or  because  of  a 
high  dc  level  on  the  sensor  output.  An  operational  amplifier 
hs*  been  designed  for  this  purpose  which  has  an  input 
impedance  100  times  greater  than  that  of  a  typical 
0.020  x  0.020-inch  power  nozxle  fluidic  amplifier. 
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Figure  16.8.5.2(1.  Pressure  Gain  Character  titles,  FS-12 
Summing  Amplifier 

(Courtesy  of  General  Electric  Company,  Schenectady,  New  York) 

A  recent  additional  feature  of  Vie  operational  amplifier*  haa 
been  the  uae  of  a  variable  feedback  reaiator.  Pleasure  gain 
performance  plots  of  this  type  device  are  shown  in  Figure 
16.8.5.2e.  All  the  features  of  the  fixed-gain  amplifier  ere 
maintained  and  the  gain  is  adjustable  with  an  external  knob 
over  a  10  to  1  range.  This  amplifier  also  has  the  capability 
of  summing  three  input  signals.  In  almost  all  controls  work 
it  is  desirable  to  have  some  external  gain  adjustment  to 
compensate  for  design  inaccuracies.  The  adjustable-gain 
operational  amplifier  provides  this  function  for  fluidic 
control  systems. 


Figure  16.8.S.2*.  Pressure-Gain  Characteristics,  Variable-Gain 
Amplifier  (Modal  FV-S2I 

(Courtesy  of  General  Electric  Company,  Schenectady,  New  York f 

16.8.5.3  INTEGRATION.  Integration  is  the  most  difficult 
frequency  dependent  function  to  mechanize  in  fluidics 
because  of  the  absence  of  the  series  capacitor.  Whether  the 
connections  to  a  fixed-volume  capacity,  are  in  series  or 
parallel,  the  resulting  transfer  function  is  that  of  a  shunt 
capacitor  to  ground.  This  precludes  the  use  of  the  analo¬ 
gous  electronic  circuit  to  obtain  integration,  an  operational 
amplifier  with  a  series  capacitor  as  the  feedback. 


feedback.  A  capacitor  to  lag  a  positive-feedback  path  and 
an  equal  but  unlagged  negative-feedback  path  result  in  a 
lag-lead  circuit  having  the  following  transfer  function 


ap. 


Krj 


0  +Tl*)' 

(1  +  r2s) 


(Eq  16.8.5.3a) 


where  K  is  the  integrating  rate  or  the  gain  at  1  radian/sec, 
t2  is  the  lag  or  intogTating-time  constant,  and  t\  the 
lead-time  constant.  The  lag-time  constant  can  be  up  to 
60  seconds  so  that  the  approximation 

1  +  r2  s  =  r2  s  for  r2  8  » 1 


the  transfer  function  becomes 


APo 

AP i 


i 


(Eq  16.  J.5.3b) 


This  is  proportionel-plus-integral  control  action.  It  is  ured 
in  closed-loop  control  systems  subjected  to  sustained 
disturbances  of  load  variations  tc  eliminate  steady  state 
error  or  droop.  The  lead  term  of  Equation  (16.8:5.3a) 
could  be  eliminated  with  the  addition  of  a  simple  lag  in 
series,  but  this  is  rarely  required  because  pure  integral 
control  tends  to  produce  instability. 

16.8.5.4  LAG-LEAD.  A  typical  applicatic  n  for  a  fluidic 
lag-lead  circuit  is  in  an  isochronous  governor  for  a  ship¬ 
board  steam  turbine.  The  block  diagram  of  this  control  is 
shown  in  Figure  16.8.5.4a.  A  fluidic  speed  error  signal  is 
treated  to  produce  a  proportional -plus- integral  action  pres¬ 
sure  signal.  This  signal  is  amplified  and  drives  the  main 
steam  valve.  The  actual  control  has  governed  a  simulated 
turbine-generator  in  accordance  with  the  military  specifica¬ 
tion  for  shipboard  governors,  MIL-G -2i410.  Frequency 
response  data  for  the  lag-lead  circuit  are  shown  in  Figure 
16.8.5.4b. 

16.8.5.5  LEAD-LAG.  Many  high-performance  analog  con¬ 
trol  circuits  require  derivative  action  to  compensate  for 
either  the  dynamics  of  the  load  or  other  control  com¬ 
ponents.  To  produce  a  lead-lag  circuit  or  proportional-plus- 
derivative  action,  a  capacitor  <s  inserted  in  the  feedback 
path  of  Figure  16.8.5.1.  A  typical  application  is  a  fluidic 
position  control  loop  for  a  rocket  engine  actuator  as  shown 
in  Figure  16.3.5.5a.  The  lead-lag  circuit  accepts  the  position 
error  signal  from  a  flapper-nozzle  valve  and  drives  a 
1000  psi  hot  gas  actuator.  The  dynamic  response  character¬ 
istics  of  the  lead-lag  are  shown  in  Figure  16.8.5  5b.  This 
device  produces  65  degrees  of  phase  lead  to  compensate  for 
the  compliance  of  the  actuator. 

16.8.5.6  SIMPLE  LAG.  Oc  uicnally  only  moderate  lag  is 
required  in  fluidic  systems.  If  a  passive  RC  (resistance- 
capacitance)  lag  is  employed  it  introduces  attenuation  or 
requires  large  volumes.  When  this  ir  undesirable  the 
operational  amplifier  circuit  of  Figure  16.8.5.1  can  be 
modified  by  the  addition  of  a  capacitor  in  front  of  the 
input  resistor  to  provide  this  function.  Thi&  circuit  would 
provide  up  to  a  one  second  lag  with  e  gain  of  five  using 
small  volumes  on  a  compact  hardware  module.  The  circuit 
has  been  utilized  to  compensate  for  lags  in  engines  or 
actuators,  or  in  series  with  the  ing-iead  circuit  to  cancel  out 
the  lead  term.  Accurate  summing  ern  also  be  performed  by 
this  device. 


Proportional  plus-integral  action,  which  approximates  inte-  Two  leg  circuits  are  being  used  in  a  fluidic  carrier  approach 

gration,  has  been  mechanized  'n  fluidics  by  using  positive  power-compensator  control  system  under  development  for 
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LOAD 

LB-FT 


WHERE 

K  j  =  0.125  PSI  /  CPS 
K2  =  200  PSI/ PSI 
k4  =  o.i  IN/ PSI 
Kg  =  7250  LB-FT  /  IN 
K6  =  0.046  RPM/  SEC-'  8-FT 
K?  =  0.333  CPS  /  RPM 


T 1  =  0.02  SEC 

t2  =  0.5  " 

t2A  -  25  " 

X3  =  0.02  " 

t4  =  0.011  " 


Fiflura  16.8.5.4a.  FR-22  Lwg-Laad  In  Shipboard  Staam  Turbina 
Qocamor 

(Courtesy  of  General  Electric  Company,  Schanactsdy.  New  York) 


Figura  16.8.5.4b.  Fraquancy  Raqronta  of  FR-22  Lag-Laod 

I1VVWUL  H 

(Co>»rmy  of  Ganaral  Electric  Company,  Schenectady,  New  York) 
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LAG  CIRCUIT  AND  ACTUATOR 


Kl  13,700  LBS/ IN  Wy  100  RAD/ SEC 

M  2.12  LB-SEC2/  IN  T]  1/10  SEC 

Ky  100  LBS  '  PSI  t2  -  1/300  SEC 

K  5.4  PSI /IN 


Figure  18.8.F5a.  FO-12  Laad-Lrj  Circuit  in  Rock  at  Engine 
Actuator  Loop 

(Courtesy  of  General  Electric  Ccmpeny,  Schenectady,  New  York) 
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Figure  16.8.5.5b.  Frequency  Raaponaa  of  FD-12  Load  Lag 
Network 

(Courtesy  o'  General  Eiectric  Company.  Schenectady.  New  York) 


ISSUED:  FE8RUARY  1970 


FLUIDIC  ANALYSIS  AND  DESIGN 


ANALYTICAL  TECHNIQUES 


a  naval  aircraft.  The  primary  input  ia  the  aircraft  angle  of 
attack,  which  ia  sensed  and  modified  by  the  following 
tranefer  function 

APp  i.23  4  9 

AF,  S  1  +  0.75S 

The  fluidic  circuit  haa  been  mechanised  aa  shown  by  the 
block  diagram  of  Figure  16.8.5.6.  Two  lag  circuits  and  one 
ltj-lead  circuit  provide  this  precise  dynamic  transfer  func¬ 
tion  in  thie*  simple  blocks. 


F«  32  LAO  -  ‘-LAD 


FL  ■  13  LAG  (FI 


Figure  16.8.6.6.  FL-12  Lag  Circuit*  In  Naval  Aircraft  Carrier 
Landing  Control 

(Courtesy  of  Genarai  Electric  Company,  Schenectady,  New  York) 


specifying,  monitoring,  and  verifying  fluidic  component 
operation  in  both  linear  and/or  nonlinear  system  applies 
tiona.  In  addition,  these  techniques  should  be  useful  In  the 
specification  of  the  type  of  testing  required  for  proper 
component  checkout,  which  will  help  to  ensure  successful 
system  design. 

16.8.6.1  ANALYTICAL  TECHNIQUES.  In  order  to  per¬ 
form  a  useful  analysis  of  fluidic  systems,  it  w'll  be  necessary 
to  model  the  operation  of  the  components  and  associated 
connecting  passageways  involved  from  a  dynamic  as  well  as 
a  static  viewpoint.  There  are  several  ways  that  the  dynamic 
and  static  analysis  of  fluidic  systems  can  be  approached. 
Two  possible  ways  are: 

1)  r'h  id  dynamic  analysis  of  the  detailed  complex  flow 
phenomena  involved 

2)  Fluid  circuit  analysis  analogous  to  the  approach  used  for 
electronic  circuit  design. 

The  fluid  dynamic  analysis  approach  has  yielded  very  little 
practical  information  lor  fluidic  system  designers  to  date 
due  to  the  nonlinearities  involved  in  the  governing 
partial-differential  fluid  flow  equations  i'Navier-8tokes). 
This  is  true  both  at  the  component  and  system  levols.  Thus, 
the  first  rpproach  is  not  recommended  as  it  does  not  appear 
to  be  applicable  to  overall  fluidic  system  design  at  the 
present  time. 


16.8.6.7  NOTCH.  The  lag-lead  and  lead  lag  functions  have 
been  combined  in  a  single  amplifier  by  providing  both 
lagged  negative  and  lagged  positive  feedback  around  a  gain 
block  (Figure  16.8.5.7).  The  capacitors  in  the  negative  and 
positive  feedback  paths  are  of  different  volumea.  The  ratio 
of  their  size  determines  the  location  and  magnitude  of  the 
notch.  It  can  be  used  as  a  filter  or  to  provide  p.oportional- 
plus-integral-plus-derivative  control  action. 


Figure- 18.845.7.  Frequency  Response  of  a  Notch  Network 

(Courtesy  of  General  Electric  Company,  Schenectady,  New  York) 


16.8.6  Formal  Analysis 

1>iis  section  briefly  outlines  some  analytical  techniques  and 
tools  that  could  be  used  to  help  synthesize  and  design 
fluidic  systems  from  a  component  level  and  to  reduce  the 
tine,  coat,  and  uncertainty  involved  with  present  repetitive 
cut-and-try  methods.  Analysis  should  be  based  on  com¬ 
ponent  performance  data  (characteristic  curves)  which  are 
either  made  available  by  the  component  manufacturer  or 
derived  from  suitable  laboratory  testing  which  is  coordi¬ 
nated  with  the  analytical  effoit.  Implementation  of  ana¬ 
lytical  techniques  will  support  the  system  designer  in 


A  logical  area  for  fluidic  system  modeling  lies  in  the  second 
approach,  i.e.,  the  application  of  fluii  circuit  theory  at 
outlined  in  Reference  632-1  and  further  discussed  in 
Reference  745-1  in  connection  with  a  dynamic  analysis 
design  philosophy  for  fluidic  systems.  Each  of  these 
references  point  out  the  'ogical  adaptation  of  equivalent 
electrical  circuit  theory  utilizing  a  mix  of  lumped  and 
distributed  parameters  to  perform  fluidic  system  modeling. 
Circuit  theory  is  applicable  to  the  interconnecting  lines 
between  circuit  elements  and  is  covered  >n  detail  in 
Reference  68-92.  It  should  also  be  applicable  to  fluidic 
components  themselves  in  a  manner  similar  to  that  used  in 
Reference  765-1  in  defining  small  signal  dynamics  of 
various  proportional  amplifiers  by  meuu  of  derived  equiva¬ 
lent  circuits  which  is  an  adaptation  of  electronic  design 
techniques. 

In  areas  where  application  of  circuit  theory  becomes 
untractable,  it  will  be  necessary  to  use  the  black  box 
technique  (see  Sub-Topic  16.8.3),  based  on  extensive 
fluidic  component  testing  (both  static  and  dynamic),  to 
establish  the  required  analytical  transfer  functions  for  the 
fluidic  device  in  question.  Binary  logic  design  (sec  Sub- 
Topic  16.8.4)  should  be  based  on  standard  techniques,  such 
as  Boolean  aigebra,  which  have  been  developed  and  used  in 
the  design  of  digital  computers.  These  techniques  will  be 
helpful  in  optimizing  the  selection  and  combination  of 
biota ble  fluidic  components  such  as  flip-flops,  OR-NOR. 
and  AND-NAND  gates  into  such  digital  devices  as  adders, 
counters,  timers,  multivibrators,  and  shift  registers,  to  be 
used  for  either  sensing,  logic,  or  control  functions. 

16.8.6.2  ANALYTICAL  TOOLS.  The  analytical  tools 
needed  to  perform  fluidic  circuit  analysis  fall  into  two 
categories: 

1 )  Analytical  Techniques  —  Large-signal  nonlinear  prob¬ 
lems  using  graphical  techniques  and  small-signal  prob¬ 
lems  using  linearising  approximations 

2)  Computer  Aided  Design  (CAD)  Techniques  —  Baaed  on 
programmed  solutions  generated  on  analog,  digital,  or 
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hybrid  computers,  used  to  toive  either  small  or  large- 
signal  linear  or  nonlinear  problems. 

In  general,  the  application  of  purely  analytical  techniques 
to  the  design  of  fluidic  syatems  will  be  limited  to  relatively 
simple  circuits.  Techniques  for  performing  analyses  for 
both  small  signals  baaed  on  equivalent  linear  circuits  and 
large  signals  based  on  graphical  analysis  are  covered  i.i 
Reference  766-1  and  Sub-Topic  16.8.3,  Control  Circuit 
Design.  The  techniques  outlined  in  detail  in  Reference 
766-1  are  similar  to  the  standard  procedures  u^ed  for  both 
single  and  multiplo  stage  electronic  circuit  design.  The  only 
new  facet  that  has  been  added  is  the  generation  of 
equivalent  circuits  which  include  the  time  delays  aaociated 
with  signal  propagation. 

The  application  of  computer  analysis  is  recommended  for 
the  design  of  relatively  large,  complex,  fluidic  systems  U 
achieve  a  more  rapid  turn-around  time  than  presantly 
possible.  This  approach  should  also  minimise  the  costa 
associated  with  the  system  design,  development,  and  test 
cycle. 

There  are  two  digital  programs,  ECAP  and  SCEPTRE, 
which  are  presently  being  used  to  aid  electronic  circuit 
designers  in  the  design  and  development  of  complex 
electronic  circuits.  Use  of  these  programs  helps  minimise 
the  costs  associated  with  the  breadboarding  and  testing  of 
actual  hardware  prior  to  finalizing  a  design.  Since  both  of 
these  programs  are  circuit  analysis  oriented,  they  can  also 
be  gainfully  used  for  computer  analysis  of  complex  fluidic 
systems  utilising  fluidic  component  performance  data  to 
characterize  and  model  the  equivalent  networks. 

ECAP  (Reference  94-7)  is  basically  oriented  to  handle  small 
signal  or  linear  circuits,  use  the  program,  an  equivalent 
linear  circuit  is  first  established  in  which  any  representation 
of  such  components  as  di  sits  and  transistors  can  be  used, 
provided  it  can  be  modeled  with  conventional  linear  passive 
circuit  elements,  voltage  and  current  sources,  and  current 
sensing  switches.  Hie  matrix  approach  is  fundamental 
(solution  is  .lot  dependent  on  a  transfer  function  approach) 
and  information  on  basic  network  branches  (circuit  topol¬ 
ogy)  are  key  entries  to  the  computer.  The  input  tn  the 
program  is  user-oriented,  i.e.,  no  translational  language  la 
needed.  ECAP  can  perform  DC,  AC,  and  transient  analysis 
and  has  options  for  sensitivity,  standard  deviation,  and 
worst -case  analysis.  The  latter  options  are  useful  in  estab¬ 
lishing  component  tolerance  criteria  which  are  compatible 
with  overall  system  performance  specifications.  Reference 
765-1  provides  equivalent  circuits  for  fluidic  components 
which  can  be  used  in  ECAP  to  perform  AC  analysis 
(provide  system  frequency  response)  with  suitable  modifi¬ 
cations  to  include  fluidic  component  and  circuit  connection 
time  delays. 

The  SCEPTRE  program  (see  Reference  94-6)  was  written  to 
allow  the  designer  to  perform  both  DC  and  transient 
analysis  of  large  nonlinear  electronic  networks.  The  input 
format  of  this  program  again  basically  describe*  the 
topology  of  the  circuit  and  the  discrete  circuit  elements. 
However,  unlike  ECAP,  these  circuit  elements  may  be 
nonlinear  and/or  linear.  The  input  format  for  nonlinearities 
can  be  either  tables  or  equations.  In  addition,  active  models 
can  be  built  up  from  passive  elements  and  stored  in  a 
library  and  recalled  for  use  as  needed.  Thus,  SCEPTRE 
should  facilitate  fluidic  circuit  modeling  and  analysis  for 
large  signal  cases  provided  that  the  fluidic  time  delays  are 
accounted  for.  A  typical  area  of  application  would  be 
monostable  or  bistable  switching  devices  used  either  aa 


relays  or  to  implsment  logic  operations.  Modaling  involving 
component  cascading  would  be  simplified  through  the  ua* 
of  the  stored  model  feature,  impedance  matching  end/or 
stage  isolation  In  tbs  case  of  cascaded  analog  nnd  digital 
components  would  also  be  facilitated  through  the  use  of 
SCEPTRE. 

On-line  computer'  can  be  ueed  to  help  optimlao  the  design 
and  checkout  of  both  synchronous  and  noney nchron au» 
digital  logic  circuitry  which  Involve  fluidic  switching  hard¬ 
ware.  This  analytical  approach  would  be  especially  useful  to 
ensure  the  acceptable  operation  or  switching  networks 
operating  at  relatively  high  epeetia. 

Timing  problems  can  arise  in  this  caae  due  to  inherent 
fluidic  system  time  delay*  and  the  offset  of  signal  noise 
modification  of  the  signal  pulse  width  erhich  could  ceuer  a 
lose  of  signal.  Examples  of  the  problems  involved  and 
proposed  solution*  ere  given  in  Reference  66-92.  Additional 
infot  mation  on  computer-aided  design  may  be  found  in 
Section  8.0  of  thu  handbook. 

16.9  FABRICATION  AND  MATERIALS 
16.9.1  Basic  Elements 

Fluidic  devices  can  be  made  by  a  wide  variety  of  manufac¬ 
turing  processes  and  in  almost  any  type  of  rigid  materiel 
Techniques  for  the  fabrication  or  these  devices  are  well 
known  and  not  difficult.  The  most  important  consideration 
U  that  the  performance  and  characteristics  of  e  fluidic 
device  are  closely  related  to  iU  geometric  ahape,  so  that  in 
fabricating  fluidic  device*  intricate  shapes  must  be  held  to 
preciae  dimensions. 

The  slse  of  riuidic  devices  varies  widely  because  of  the 
many  different  types  end  also  because  of  the  different  use* 
for  the  seme  device.  For  example,  fluid!-  elements  used  as 
logic  gates  in  aerospace  app'icetions  are  miniaturised  to 
minimise  power  consumption.  A  similar  device  uaed  as  a 
switch  to  divert  flow  in  a  pipeline  is  much  larger,  because 
of  this  wide  diversity  in  the  aise  required,  quantities 
involved,  tolerances  required,  and  materials  used,  there  is 
no  singularly  beat  fabrication  technique  far  fluidic  devices. 

Manufacturing  processes  in  common  use  include  the 
casting,  thermoforming,  photoetching,  and  molding  of 
plastics;  chemical  milling,  photostching,  electrical  discharge 
machining,  electroforming,  die  casting,  and  powder  metal¬ 
lurgy  of  metals;  and  photoetching,  ultrasonic  machining, 
and  electron  beam  machining  of  ceramics.  This  listing  is 
only  representative  of  the  wide  range  of  choice*  available. 

Hie  environmental  tolerance  required  of  a  fluidic  element  is 
the  primary  consideration  in  the  choice  of  materiel.  Fluidic 
devices  must  have  sufficient  strength  to  withstand  both 
structural  and  hydraulic  forces  without  undue  distortion. 
Surface  hardness  of  the  material  must  also  be  considered, 
particularly  if  the  wo.  king  fluid  carries  abrasive  particle*. 
Wear  in  stream- interaction  devices  is  critical  in  the  nosxles 
and  on  the  splitter.  Other  factors,  such  as  operating 
temperature  and  compatibility  with  the  working  fluid,  also 
enter  into  the  selection. 

Injection  molding  of  thermoplastic  material  appears  to 
offer  the  cheapest  method  of  fabricating  large  quantities  of 
fluidic  elements.  However,  these  element*  are  limited  to 
operation  at  near  room  temperature  conditions  and  with 
noncorrotive  media.  In  industrial  applications,  injection 
molded  device*  should  provide  long-term  reliable  operation, 
particularly  in  digital  systems. 
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There  are  several  fabrication  methods  which  are  suitable  for 
two-dimensional  elements  for  aerospace  applications.  The 
important  methods  are  diacuaeed  below. 

16.9.1.1  COMPRESSION  MOLDING.  This  is  perhaps  the 
most  economical  production  method  for  manufacture 
parts  from  thermosetting  materials.  Tolerances  can  be  held 
as  close  os  required  for  most  fluidic  slements.  Fillers  are 
used  to  uda  stiffness,  control  shrinkage,  and  reduce  the 
coefficient  of  thermal  expansion.  Maximum  operating 
temperature  is  about  <00°  F  for  the  best  filled  thermo¬ 
setting  plastic  elements,  and  filled  epoxy  elements  are 
limited  to  about  300°F. 

16.9.1.2  PHOTOETCHINO  CERAMICS.  This  process  was 
originaliy  developed  by  the  Corning  Glass  Works  to  prepare 
substrates  for  electronic  circuits  and  has  been  adapted  to 
the  manufacture  of  fluidic  elements.  A  high  contrast 
negative  is  placed  upon  a  thin  sheet  of  Fotoform  glass 
which  Is  a  silicate  glass  containing  a  photos  'nsitlsing 
ingredient  such  as  the  cesium  radical,  Ce+3.  In  the  presence 
of  ultraviolet  light,  the  exposed  glass  absorbs  the  ultraviolet 
radiation,  creating  a  contact  print  in  depth.  The  glass  Is 
then  heated  to  about  1200°F  to  that  colloidal  particles  of 
crystallised  lithium  metasllicate  appear  aa  a  white  opal 
Image,  which  Is  formed  in  the  exposed  areas  of  the  glees. 
When  the  glees  sheet  is  immersed  in  a  hydrofluoric  acid 
bath,  the  exposed  areas  dissolve  20  to  30  dimes  Cuter  than 
the  deer  unexpoeed  areas  of  the  glees. 

Further  pro  ceasing  converts  the  Fotoform  dess  to  a 
higher-strength  partially -crystalline  material  called  Foto- 
carara.  The  finished  Fotoceram  elements  offer  several 
important  advantages  which  are  normally  associated  with 
ceramic  material,  i.e.,  high  dimensional  stability,  low 
moisture  absorption,  good  shock  resistance,  end  operating 
temperatures  approaching  1000°  F.  This  process  can  pro¬ 
duce  intricate  two-dimensional  elements  down  to  a  noaxle 
width  of  0.006  inch.  An  important  consideration  in  circuit 
fabrication  is  that  both  the  Fotoform  and  Fotoceram  platvs 
can  be  thermally  laminated  to  form  a  monolithic  structure. 

1C.  9. 1.3  PHOTO  ETCHING  METALS.  This  process  has 
recently  become  very  important  in  the  manufacture  of 
fluidic  elements  for  aerospace  applications.  Essentially  the 
process  removes  metal  by  the  chemical  etching  of  preferen¬ 
tially  exposed  surface*.  The  process  is  presently  limited  to 
metal  sheets  no  thicker  than  about  0.020- inch,  because  the 
dimensional  tolerances  that  can  be  achkved  increase  with 
increasing  metal  thickness.  A  O.GOS-inch  wide  channel  can 
ha  etched  through  a  0.001-inch  thick  ituialaee  steal  with  a 
tolerance  of  0.000 25 -Inch  or  about  *5  percent.  This  same 
OX  06-inch  wide  channel  would  have  a  tolerance  of  120  per¬ 
cent  if  etched  in  a  0.006-inch  thickness  of  the  seme 
material. 

In  the  fabrication  of  two-dimensional  fluidic  elements, 
several  laminations  of  etched  sheets  are  required  to  provide 
the  required  aspect  ratio.  Photoetching  can  be  used  with 
the  following  metals  (presented  in  the  order  or  increasing 
difficulty):  copper,  nickel,  carbon  steal,  stainless  sted, 
aluminum,  titanium,  and  molybdenum.  Operating  tempera¬ 
ture  depends  primarily  on  the  metal  used  and  the  method 
selected  for  sealing  the  laminated  sheets. 

16.9.1.4  OTHER  METHODS.  Many  new  methods  are 
being  considered  tor  the  fabrication  of  fluidic  elements. 
Techniques  ruch  as  electron  and  laeer  beam  machining  may 
eventually  make  it  nodbie  to  pack  1000  fluidic  elements  in 
one  cubic  inch.  Coining  techniques  may  soon  nr  ke  it 


possible  to  manufacture  interconnected  fluidic  elements  by 
indexing  a  die  and  stamping  in  the  right  location.  However, 
much  work  still  needs  to  b»  done  in  the  sealing  of  fluidic 
elements,  particularly  thoeu  for  use  with  high  temperature 
working  fluids.  To  date,  diffusion  bonding  and  furnace 
bracing  have  been  used  *vith  moderate  success  in  the  sealing 
of  photoetched  metal  elements,  but  more  efficient  sealing 
methods  are  required  if  the  inherent  reliability  of  tiuidic 
elements  is  to  be  approached. 

One  way  of  overcoming  the  sealing  problem  is  s  ceramic 
molding  process  where  a  polystrene  mold  <■  made  from  a 
metal  master.  Ceramic  is  then  molded  around  the  poly¬ 
styrene  and  fired  at  about  2000° F.  The  polystyrene  is 
vaportmed,  lervl>  g  a  one-piece  ceramic  device.  Although  the 
process  1*  complex,  it  eliminates  the  bas>c  problem  of 
seeling  s  two-dimensional  element  with  a  cover  plate. 

18.9.2  Intogrvtod  Circuits 

The  interconnection  of  fluidic  elements  with  fittings  and 
tubing  is  neither  practical  nor  reliable  enough  for  aerospace 
circuits.  One  trend  in  aerospace  systems  is  to  group  circuit 
dements  on  t  .'unctions'  basis  in  rectangular  or  circular 
two-dimensional  planar  arrays  or  modules  (Figure  16.9.2s). 
This  allows  the  Incorporation  of  the  maximum  number  of 
Interconnections  within  the  module.  Power  supplies,  v-nt 
conne  xions,  and  interconnections  between  modules  can 
then  be  accomplished  by  interspersing  manifold  between 
the  modules  (Figure  16.9.2b).  The  number  of  circuit 
modules  that  can  be  stacked  is  limited  because  the  supply 
and  exhaust  ports  as  well  at  the  circuit  interconnections 
must  all  be  ported  through  the  stacked  circuit  blocks,  and  a 
point  of  diminishing  returns  is  eventually  reached. 

A  mother  method  is  *o  bring  all  the  connections  out  to  the 
edge  of  the  module.  Modules  can  then  be  clacked  on  edge 
in  between  manifolds  which  provide  the  fluid  power 
supplies  and  circuit  interconnections.  Ac  shown  in  the 
physical  concept  of  a  rocket  engine  fluidic  controller 
(Figure  16.9.2c),  this  makes  for  s  convenient  arrangement 
in  that  sensors,  interfaces,  and  compensating  volumes  can 
be  located  close  to  the  circuit  module  s. 

For  smaller  fluidic  circuits  it  may  be  more  convenient  to 
fabricate  the  manifold  and  interconnections  in  e  single 
block  (Figure  16.9. 2d).  Then  the  fluidic  elements,  sensors, 
and  interlaces  are  externally  attached  to  the  manifold 
Mock.  This  method  iv  mere  convenient  for  prototype 
applications  and  allows  the  modification  or  replacement  of 
circuit  elements  when  required. 


10.10  TEST  EQUIPMENT 
16.19.1  Introduction 

A  block  diagram  concept  of  a  fluidic  control  system  for 
aerospace  application  which  contains  several  sensing,  com¬ 
mutation,  and  control  actuation  functions  is  shown  in 
Figure  ICklOJ.  It  indicates  th*t  some  system  instrumenta¬ 
tion  will  he  self-eontomed,  Le..  designed  as  an  integral  part 
of  the  control  sy.stom  and  used  both  for  operational 
instrumentation  and  ground  test.  System  inputs  are  also 
provided  for  diagnostic  uistrumentation  and  for  fluid  or 
electrical  perturbation  of  the  system  during  ground  teat. 
Sensors  and  techniques  selected  for  checkout  cf  a  fluid 
control  system  should  provide  pertinent  test  dctci  without 
disturbing  normal  system  operation.  The  sensors  should  be 
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aimpU  and  not  require  physical  dhcmntliog  of  the  syatem 
to  parform  taste,  and  iiaUlktlon  should  not  compromise 
the  inherent  reliability  or  toe  ayrtcm.  Self -contained  instru¬ 
mentation  ahould  be  capable  of  proiongad  service  in  the 
system  operational  enrircnmet-t, 

16,10.2  Central  Tsst  Equipment 

Many  of  the  devices  dlaoiaaed  in  Sub-Sections  6.15  (Instru¬ 
mentation),  5.16  (Preaaure  Switch*-.),  and  5.17  (Flow- 
oaatrx),  M  well  aa  Section  15.0  (Component  Testing)  of 
thie  handbook  are  useful  in  the  test  of  fluidic  systems. 
Other  instruments  are  also  available  for  use  in  eerodmcndcs 
and  thermodynamics  which  can  be  used  directly  in  'luldtca. 
Particularly  Cor  steady -at*  te  pressure  and  f!ow  -neeeure- 
meata.  In  addition,  many  of  the  S*P  and  F-E  transducers 
described  in  fkib- Section  16.6  (Phiidic  Interfaces)  «*-» 


ANEMOMETERS  FOR  FLUiOICS 
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asm  aa  axaeilent  means  of  perturbating  end  monitoring  a 
fluidic  system  during  ground  teat. 

16.10.3  Spscisfiasd  Test  Equipment 

Soow  of  the  specialised  cent on;  end  techniques  applicable 
to  the  checkout  of  a  fluidic  system  am  diacuaaed  in  the 
following  detailed  topics. 

U.10.S.I  CO N8T ANT-TEMPER ATUilE  ANEMOME¬ 
TER.  Hot-wire  and  hot-fllm  anemometers  hare  long  been 
valuable  tools  for  tasking  physics,  measurements  ga> 
streams.  Hie  basic  measurement  is  the  rate  of  Ik*,  us* 
from  the  hot-wire  or  film  to  the  gaa  stream.  Foi  t’-e 
majority  of  app1  •rations,  this  hest  loss  has  been  interpreted 
in  terms  of  velocity  for  a  constant-temperatur  ,  con-  ut 
Pressure  air  stream.  The  hot-wire  is  also  sensitive  to 
temperature,  density,  and  composition  fluctuations,  and 
has  been  used  specifically  for  temperature  and  composition 
measurements  in  low-velocity  flows.  For  high  velocity 
flows,  density  changes  become  an  important  parameter  in 
the  heat  lorn  m  j nation. 

Hot-wire  gnd  hot-film  sensors  will  operate  reliably  at 
tomparaturaa  up  to  1000°F  and,  if  required,  can  oe  uaed  in 
environments  up  to  lbOO°F.  The  hot-wire  sensor  with 
suitable  Electronic*  has  r  bandwidth  of  0  to  5000  cps  at 
naar  aero  velocities,  vhksh  intense*  as  a  function  of  the 
maan  velocity  to  approximately  50,000  cps  at  approxi¬ 
mately  300  ft/sec.  The  electronic  output  can  be  made 
proportionately  linear  to  vslocity  or  mas*  flow.  In  a  small, 
low-velocity  passage,  the  sensor  can  also  oe  compensated  to 
provide  an  output  linear  with  gage,  absolute,  or  differential 
pressure. 

Subu&iiaturo,  quarts-coated,  hot-film  sentors  are  eon- 
•idered  moat  suitable  for  application  to  fluidic  system 
instrumentation.  These  sensors  provide  unequalled  stability 
for  flow  measurements  in  gases  and  liquids,  and  are  vory 
ragged,  contamination-resistant,  and  easy  to  handle.  In 
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am,  they  have  a  bandwidth  of  0  to  36,000  ope.  A  single 
knt-ulm  Mtuo'  with  simplified  Mfronka  will  provide  food 
Mciwqr  over  a  dyuioit  flow  range  gmtot  than  1000  to  1 
and  «w  a  bandwidth  of  0  to  3000  cpa. 

Hot-flira  ream  arc  made  in  Mwnl  dae  Motor  ’  olden, 
down  to  approximately  ,  090  inch. The  1/16-inch  diameter 
manor  w  aid  be  a  good  standard  alee  for  applicetior.  to 
eyaUra  instrumentation.  A  dandard<type  fitting,  aa  shown 
in  figure  16.10.3.1a,  could  be  weed  for  ea*a  of  iaatrUatioa 
to  the  proper  depth,  and  a  standard  plug  can  be  used  to  anal 
the  transducer  installation  when  not  in  use.  The  censor  end 
auiU  he  uraneverce,  aingW-coded,  or  iiudi  and  as  nigged  aa 
possible,  oowiaaeneurate  with  adniau.c  flow  disturbance  in 
opcratioml  dm  tula.  Is  rend  types  of  jrneor  ends  are 
Umatrated  in  figure  '  6. 10.3.1b. 

Tbe  primary  uses  of  the  basic  hot-wire  and  hot-film  sensors 
ere: 

1)  Iloth  types  are  excellent  for  high  response  xsuurstMd 
of  velocity  and  nee  at  flow. 

3)  A  single  tensor  can  be  used  tor  flow  switching  indication 
with  simple  circuitry  (digital  information).  As  shown  ir 
Figure  1C. 10.3.1c,  the  seneor  is  plaosi  in  the  baas 
circuit  of  a  high  speed  switching  translator.  Q(.  With 
low  flow  in  the  channel,  Q|  is  off  and  Qj  m  on,  and  the 
relay  is  anwgiaod.  Whin  a  pre-et  mit.iroum  flow  is 
•enaad  in  tbe  flow  channel,  the  hot-wire  aenaor  resist- 
susoe  decrease*  and  tbe  voltage  ct  A  goes  more  positive 
eo  that  Qf  turns  on  end  Q]  turns  off,  de-energising  the 
relay. 


3)  A  hot-wire  inakee  an  exoeiient  pressure  transduce-, 
etunmr  a  small  flow  can  he  bki  into  or  out  of  o  flow 
charnel  without  affecting  perfo.'mano*.  This  transducer 
utilises  a  hot-wire  tensor  inside  a  vary  saujl  capMlary 
tube  (0.004 -inch  diametar  i  approximately  1-inch  long. 
Tbe  tube  is  sited  so  that  the  floe  velocity  k  a  direct 
function  of  tha  pressure  difference  between  tbe  floi 
channel  and  an  outside  reference  pranrart  A  differential 
p  re  see  re  nnasursnvsnt  can  hr  made  in  a  bypass,  low- 
velocity,  duet  between  th*  output  laps  of  an  amplifier, 
but  direction  mwt  be  arsetd  by  other  means 


16.16.3.3  THERMISTOR  SENSOR.  A  thermistor  seneor 
oaa  be  install  ad  on  th*  and  of  a  probe  with  a  Ibnutu  of 
1 /16-inch  or  leas.  Depending  on  sue  the  seneor  would  have 
a  response  thus  oi  1  mUtiseooad  or  batter  and  oouk  ha 
used  in  uiaoe  of  the  het-wir*  sensor  for  flow-ewitchiag 
indication,  aa  drawn  previously  in  figure  16.10.3.1c. 


16.10.3.3-  PRESSURE  TRANSDUCERS.  Many 
transducers  currently  available  have  exoaaaiveiy  lane  pres¬ 
sure  cavity  volumes  as  well  as  large  volumetric  dwplaoe- 
mentx  In  the  onerational  presents  range.  These  trausmursrs 
are  ctiU  useful  for  low  frequency  (<100  epe)  naensuremeats 
if  properly  laataftod  in  fluidic  devices.  For  hi#»  frequency 
measurements,  (he  flush-mounted  miniature  types  arc  the 
moat  practical.  The  semiconductor  strain  gage  pressure 
transducer  is  eonaiietad  to  bv  the  beet  choice  where  hijj. 
sensitivity,  good  aatutey,  and  tirii  frequency  response  are 
ree aired.  Natural  frequencies  as  high  aa  100  kilocycles  ham 
been  reported  to  date  with  thk  type  of  transducer.  They 
are  available  in  atsee  aa  small  aa  0.1 -inch  in  diameter  by 
0.003-inch  thick,  in  raises  from  0-0.1  to  0-10.000  psig  or 
paid.  The  referential  pressure  type  can  be  adapted  for 
installation  within  an  integrated  fluidic  system  circuit 
Mock.  The  operational  temperature  reaps  is  -418°F  to 
♦360°  F  for  serai  ponded -or  strain  gage  elements,  and 
considerably  higher  for  wire  strain  gaga  types. 


Quarts  praaaure  transducers  with  electrostatic  charge  ampli¬ 
fiers  are  capable  if  higher  response  than  the  semiconductor 
strain  page  type.  However,  the  incremental  increase  in 
mpoan  to  appsoxiaaately  130,000  ops  is  made  at  the 
sacrifice  of  sensitivity.  Itm  quiets  transducer  must  be 
increased  in  aiaa  (0  37-inch  diameter  aenaor)  for  low- 
preauue,  high  sensitivity  mssnurisnsiU,  ari  tue  resonant 
frequency  is  reduced  to  60,000  cps  far  this  larger  aiae. 

16.  Id. 3. 4  PREMURE  PITCHES.  Several  types  ot  minia¬ 
ture  poet- me  tic  prnasur*  ewi  tehee  are  oomraerrislly  avalnhle 
for  use  in  checkout  of  a  digital  fluidic  system.  Thau  may 
be  used  if  the  additional  eohune  and  slow  rsepnnas 
(<100  cps)  do  not  compromise  system  performance. 
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FLUIDIC  TEST  EQUIPMENT 


FLU tDtC  TEST  CIRCUITS 
LN'VERSAL  TRANSDUCER  FITTIMC 


iO:  PMftUARV  ItTO 
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t 


FUJI  CMC  9EM90*  TIPS 


FLUIDIC  TEST  EQUIPMENT 


TUNOSTCN  WIIL  WITH  THIN  PLATINUM 
COATING  ON  SURFACE 
<0.00013  INCH)  , 


PUT  (NO  TO  ORPINE 
SRNSINO  1  rNOTH 


0,060  INCH 


'GOLD  PLATED 
ST  AINU  Si  STCEL 
SUPPORTS 


(•)  CYLINDRICAL  HOT  WIRE  SENSOR 


/  \  0.093  INCH  DIA. 

QUARTZ  COATED  \ 

hot  film  \ 

ON  SURFACE  STAINLESS  STEEL  TURC 

SHIELDING  QUARTS  ROD 

(4)  HOT  FILM  PLUSH  MOUNTED  PRORC 


GOLD  PUTING 
DEFINES 

SENSING  LENGTH 


V 

0.0*0  INCH 


GOLD  PLATED 
STAINLESS 
STEEL  SUPPORTS 


QUARTZ  C  JATED  PLATINUM  FILM 
SENSOR  ON  CLASS  ROD 
(0.002  INCH  OIA.) 


QUARTZ  WOD 


QUARTZ  COATED 
FUTINUM  FILM  RAND 


jL 

K 


electrical  leads 


(•)  HOI  FILM  CONE  PRORE 


O.OBO  INCH 


<b)  CYLINDRICAL  HOT  FILM  SENSOR 


QUARTZ  ROD 


QUARTZ  COATE^  PLATINUM  FILM 
0.0025  INCH 

OR  0.006  INCH  DIA.  <<<. 

CANT (LEVER  SUPPORTED  / 

SENSOR  MADE  FROM 

GUSSTUBE  \  /  ^ 


/  STAINLESS  STEEL 

/  GOLD  PUTING  SUPPORTING  TURE' 
/  DEFINES  SENSING 
/  LENGTH 

GOLD  WIRE  COMES  THROUGH  INSIDE  OF 
ScNSOR  TO  MAKE  END  ELECTRIC Al  CONNECTION 


GOLD  FILM 
ELECTRICAL  LEADS 


•r 


0.060  INCH  DIA. 


•  QUARTZ  COATED  FUTINUM  FILM 
0. 00*  INCH*  0.0*0  INCH 
EACH  SIDE 


(c)  SINGLE  ENDED  TYPE  SENSOR 


<f)  HOT  FILM  WEDGE  PRORE 


FlfHM  1R.tRJ.1h.  Typa  •*  HH  Wiw  and  Hi  f  Mm  R 

(Court**/  of  Thormo-Syttomt  foe..  S*Mf  Mmmmota) 
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FLUIOICS 


REFERENCES 


16.1  The  Molt  of  Fluidic* 

23-72 

The  Beale  for  Fluidic* 

1M1,  680-6 

16.2  Fluidic  Standard* 

447  10,  23-72,  241-15,  46-40,  482-3, 

1-298,  1-299,  1-300,  1-301,  538-1,  770-1 

Tarmlnolegy 

447-10 

16.8  Unite,  Dlmensionv  and  Symbol* 

447-10 

QrgfihUi'  Symbol* 

447-10 

14.4  Beale  Uwlof  Phenomena 

Surface  Interaction  131-40 
Vortex  Flow  37-1 9 

Wall  Attachment  Amplifier* 

181-40,  (132-1,  1-808,  38-73,  758-7 

Beam  Deflection  Amplifier 

181-40, 1-803 

Vertex  Devloe* 

841  14,  771-8,  700-1,  1-805,  87-18,  87  19, 
241-18,  748-1 

Vortex  Diode  771-8 
Vented  Vortex  Amplifier  181-40 
Logical  MOK  Amplifier* 

Turbulence  Amplifier  1-804,  181-40,  73-863 

Flow  Interaction  NOR  Amplifier  181-42, 
19-881, 82-76 

Two-Dlmenaionel  laminar  NOR  Amplifier 
181-48 

Impact  Modulator  NOR  181-42 
Foouaad  Jet  Amplifier  36  78,1-307 

Bpaolxl  Pevkm 

Boundary  Lever  Amplifier  181-40 

Double  Leg  Elbow  Amplifier  1-807,  158-6, 
.181-40 

Induction  Amplifier  131-40 
Edgetone  Amplifier  19-898, 131-40 
Inmeet  Modulator  1-80C,  750-1 
OeetUaior* 

Relaxation  Oscillator  841-8 
Turhuienoa  Amplifier  Oeoillator  1-418 

Turing  Fork  Fluidic  Oeoillator  6-282, 
181-43 

Mooing  Part  Peeke* 

19-862,  749-18 

141  Qaolrtcal  te  fluidic  Tzaaeduoan 

78-864  78-878,  l?l-4t,  95-89,  131-40 

144  B»  impedance  ftemuaa  Senear 

66-100, 181-48 


Temperature  Hen  sort 

1 9-248,  4  7-38,  674-4 

Vortex  Rate  Sunaor 

.17-21 

16.7  Problems  and  I, Imitations 

Operational  Problem*  131-41 
Syatem  Application  Criteria 

Operating  Tempernture  37-1  1 
Response  Time  23-70,  761-2 
Operating  Lite  241-16,674-5 
Signul-to-Noiae  Ratio  348-3,  757-8 
Typical  Application* 

Vortex  Amplifier  Controlled  SITVC  37-5, 
37  11,  768-1 

Fluidic  Power  Amplifcr  37-10 
TIM  Roll  Control  System  332-29,  584-15 
Thrust  Reversing  Sequence  Control  756-9 
VTOL  Aircraft  Controls  332-31 
Rocket  Engine  Sequence  Control  564-19 
Flight  Suit  Control  System  6-231 

16.8  Analyais  and  Design 

156-5,  462-7,  747-2 

'Basic  Circuit  Elements  and  Components 

1  299,  1  300,  1-302 

Wall  Attachment  Amplifier  532-1,  68-92, 
749-10,  749-11,  756-8,  756-7 

Beam  Deflection  Amplifier  €8-95,  68-101, 
748-1,  748-2,  757-2,  184-11,  532  1,  68-92 

Vortex  Amplifiers  37-10,  37-22,  37-26, 

6b-92,  68-97,  95-31,  757-4,  757-5,  760-1 

Laminar  Resistance  140-1 

Lines  74-53,  45-1,  770-1,36  74,68-92 

Control  Circuit  Design 

785-1.  772-2 

Digital  Circuit  Design 

Digital  Logic  Operators  447-9 
De«ign  Process  772-1,  1-425 

Fluidic  Operational  Amplifiers 
23-69,  75h  1.  52-77 

Flat  Response  Amplifier  68-98 

Formal  Analysis 

771-1 

Analytical  Techniques  532-1,  745-1,  68-92, 
766-1 

Analytical  Too'«  765-1,  94-7,  765-7,  94-6, 
68-92 

16.9  Basic  Elements 

Photoetching  Ceramics  1-426,  748-1,  748-2 
Other  Methods  37-18,  1-426,  749  .2 

Integrated  Circuits 

649-4,  756-2  131-42 
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International 

System 

Standard* 

1  1 

Symbol 

Quantity 

(SI)  Units 

Units 

Dimension 

I 

e  »  e 

Angle 

radians,  rad 

degrees,  deg 

t 

Time 

a 

Acceleration 

m/s2 

in /see  2 

L/t2 

T 

Temperature, 

A 

Area 

m2 

in2 

L2 

C 

Fluid  capacitance  (weight  rate  of  flow) 

in2 

in2 

L2 

T 

o 

Temperature, 

f 

Frequency 

hertz,  Hz 

cycles/sec,  cps 

f‘ 

u 

Velocity,  gens 

F 

Force 

newton,  N 

pound,  lbf 

F 

u 

Velocity,  mea 

g 

Local  acceleration  of  gravity 

m  /sec 

ft/sec*  or 
in/sec2 

L/t2 

u 

c 

Velocity,  aco» 

Conversion  constant  ■  32.2  in  the 

ML/Ft1 

V 

Volume 

g. 

— 

lb 

expression 

— —  ft/sec2 

IDs 

w 

Weight 

F  wJL  ma 

g. 

w 

Weight  flow  n 

w 

Power 

0 

Power  gain,  average 

dimensionless 

Flow  gain,  average 

z 

Fluid  impedai 

Gf 

dimensionless 

Flow  gain,  incremental 

a 

Acceleration,  i 

Of, 

dimensionless 

Power  gain,  incremental 

0 

Bulk  modulus 

°, 

dimensionless 

Op 

Pressure  jiin,  average 

dimensionless 

y 

Weight  densit] 

Op, 

Pressure  gain,  incremental 

dimensionless 

G 

Length 

4 

Specific  heat  ratio 

dimensionless 

B 

Efficiency 

K 

An  arbitrary  constant 

dimensionless 

II ■ 

Mass  density 

L 

Fi^id  inertance  (weight  rate  ol  flow) 

s2/m2 

sec2 /in2 

t2/h2 

EM 

Nozzle  aspect 

m 

Mass 

kilogram,  kg 

Ibm 

M 

■ 

Viscosity,  abw 

e 

m 

Mass  flow  rate 

kg/s 

lbm  /  sec 

M/t 

EM 

Viscosity,  kim 

M 

Mach  number 

dimer 

isionless 

Di 

Velocity,  angu 

nr 

Reynolds  number 

dimensionless 

N 

s 

Strouhal  number 

dimensionless 

p 

Pressure 

N/m2 

lbf/in2 

F/L2 

c 

Control 

*o 

Pressure,  total 

N/m2 

lbj/in‘ 

F/L2 

cd 

Control,  diffei 

q 

Pressure  dynamic 

N/m2 

lbf/in2 

F/L2 

CO 

Control,  quiee 

Q 

Volumetric  flow  rate 

m3/s 

in3 /sec 

L3/t 

i 

Input,  or  incrc 

R 

Fluid  resistance  (weight  rate  of  flow) 

Gas  constant 

s/m2 

sec/in2 

t/L2 

s 

Load 

R, 

N-m/kg-°K 

in-lb./lb  -°R 

LF/MT 

or 

m2/s2/°K 

or  m 

in2/sec//°R 

O 

Output,  or  tot 

s 

LaFlace  operator 

1/s 

1/sec 

t-» 

od 

Output,  differ 

S/N 

3ignal-to-noise  ratio 

1 

dimensionless 

I _ 

s 

Supply 

•The  Englf*  gravitations!  system  ui.lts  cf  MlL-STD-1306  (Reference  447-10)  and  SAE  ARP  993. v  (Reference  23-72)  have  been  replaced  here  by  the  unit  fr. 
handbook.  See  sub-section  I.S  of  this  handbook. 
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I 


nalon  ||  Symbol 


TaMa  16.3.1.  Pertinent  Symbol*  and  Thair  Unit* 

( Adapnd  from  MIL-370  1306  anrf  SAP  ARP  9 93 A) 


international 
System 
(SI)  Units 


SYMBOLS 


Temperature,  static 

Tempeiaturo,  total 

Velocity,  general 
Velocity,  mean 

Velocity,  acoustic  (speed  of  sound) 

Volume 

Weight 

Weight  flow  rate 


Fluid  impedance 
Acceleration,  angular 
Bulk  modulus  of  liquid 
Weight  d  onsity 


Efficiency 
Mass  density 
Nozzle  aspect  ratio 
Viscosity,  absolute 
Viscosity,  kinematic 
Velocity,  angular 


General  Subscripts 


Control 


Control,  differential 
Control,  quiescent 

Input,  or  incremental  when  used  with  gain  (G) 


Output,  or  total  when  used  with  temperature  (Tq) 


Output,  differential 
Supply 


-72)  have  horn  replaced  here  by  the  unit  force-mass  svste.a  to  provide  compatibility  with  Section  3.0,  Fluid  Mechanics. 
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FLUIDICS 


TABl  E  T  6.3.2 


2tB«»L£aKMWW> 

Th.  rtUtin  port  Kvttiooi  (or  th.  aymbola  at r«  patterned  In  tha  (a)  Interconnecting  fluid  Knaa  aha.ll  ba  ahr  an  alth  a  dot  at  tha  point 

following  'natu.ar:  of  interconnection: 


Gupplio 


Sup  pii*  a 


Controls  |  | 

Outputs 


Controls 


Controls 


Controls 


Outputs 


AU  symbol i  m*y  bs  orisntsd  in  90 -degree  increments  from  ths 
position  shown. 

Specific  ports  are  lJsnt^flid  by  the  following  nomenclature: 

Supply  poit  -  S 
Control  port  -  C 
OutpUt  pOX  a  -  O 

Ths  nomsncl ‘stars  shown  on  the  graphic  symbols  need  not  bs  used 
on  schematic  diagrams.  It  fs  primarily  intended  to  correlate  ths 
function  of  sach  port  with  tha  truth  tablw. 


Supply  ports  can  bs  sithsr  a  c  ties  or  pat  slew.  An  inverted  triangls, 
V ,  dsnotss  a  supply  so  urea  connsctsd  to  ths  supply  port  (active 
device}* 


2. 


Active 

Dsyicss 


iiB  arrowhsad  on  ths  control  lias  ins  Ids  ths  symbol  envelope  indi¬ 
cates  continual  flow  te  rsqnirsd  to  maintain  stats  (so  memory,  no 
hystsrafcls); 


Indicator  no  memory 


(b)  Crossing  fluid  Unoa  aro  to  bs  shown  without  dots: 


A  small  ♦  on  ths  output  of  a  bistabls  dsyics  indlcatss  initial  or 
start* up  flow  condition. 


Logic  Notation 

A  .  B  u  A  "and"  B 

A  ♦  B  ■  A  "ox"  B 

A  .  B  «  "not"  A  and  "not"  B 

Port  Marking 

Port  nomenclature  shown  on  achs'oatlcs  nead  noi  bs  ussd  on  schs- 
ms  tic  diagram  x;  ths  nomsnclaturo  n.sy  bs  useful,  however,  in 
correlating  tost  data  and  specification  data  with  ths  physical  levies. 


fluidic  Impedances 

General  Resistance  -  Fixed 

Linear  Resistance  -  Fixed 

Nonlinear  Resistance  -  Fixed 

Capacitance  -  Fixed 
Inductance  -  Fixed 

Diode 


16.1&6 
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fluidics 


J 

i 

TABLE  16.3.2  (CONlI 


(b)  Digital  Amplifier 

Functional 
Symbol 

Cl 

02  01 

Operating  Principle  Symbol 


Truth  Table 
Cl  Cg  Ol  02 

10  10 
0  10  1 
0  0  Undefined 

1  1  Undefined 


S 


02  01 
Jet  Inter  action 


(d)  Multivibrator 

S 

T  un-.tional 
Symbol 

Cl 


02  01 

Operating  Principle  Symbol 


S 


Wall  Attachment 


(e)  Oecillator  (SItm  Wave; 
Functional  Symbol 
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FLUIDICS 


TABLE  16.3.2  (C0N7I( 


gtaata  S/uclaa 

(a)  AND  •  2/3  AND 


FlBCttoMl 

Symbol 


Of  o  a 


Truth  TtUt 

C]  <J2  0]  02 

10  10 
0  10  1 

110  0 
0  0  0  0 


o 

“o 

0 

1 

0 


OymUnj  Principle  Symboic  Cl 

® 

01  o  a 

Pllllv* 

Jat  Interaction 


|b)  Cxduiln  OR -AND 


Function*!  Symbol 


Cl. 

n 

13 

kJ 

01  01 


Truth  T*bl* 

Cl  C3  01  02 

10  10 
Olio 
110  1 
0  0  0  0 


Operating  Principle  Symbols 


Cl 


Pa*  sirs 

Jat  Intar  action 


}  OR 

Functional 

Symbol 


Truth  Tabls 

ci  ci  oi 

0  0  0 

1  0  1 

0  1  1 

1  1  1 


Opa rating  Principle  Symbols 


01 

Pas  sir* 

Jat  lata  r action 
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Analoa  Fluidic  Paries* 

(a)  Proportional  Amplifiers 

Functional 
Symbol 

01  -  ot  Function*  ^  ® 

Cl-Ct 


0 


Operating  Prlncipla  Symbols 

C'®  °( 

02  o  «  Cl 

Singla  Input  DM 

Jat  Intar  action  Jat 


SI  S2 


0 

Transrarsa  j 

Impact  Modc  '  ator  tepai| 


I 


I 


OftAPHiC  SYMBOLS  FOB  FLUIDICS 
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ci 


ictlona 


Ct 


0 1  0  01 


/\ 


ei<cc  ci* ci  coca 


01 


IZ.. 


vmbole 


01 

Differential 
Jet  interaction 


Separation 
Point  Control 


[f  *'  It 

P  "© 

L  0 

PM  Direc* 

hr.pact  Modulator 


(b)  Throttling  Yalre 


Functional  Symbol 


"E0  K 

0M  — “  Cl 


Operating  Principle  Symbol 


I 


0 

Vorton 


(c)  Rato  Aeneor 


Functional  Symbol 


S 


o  a  0  01 


Operating  Principle  Symbol 
S 


0 

Vortex 


JZ 


ci 


APPENDIX  A 


TABU  OP  COffTKNTK 

AO  GREEK  ALPHAS  ST 

A.1  ENOtNEERINO  DATA 

A.  1.1  Atomic  Weights  and  Numbers 
hdnkOutt 
Table  of  i'ementoi 

A.1. 3  MwimHmI  fnflny 

A.1. 3  Phyelcal  Ooawtants 

A.1. 4  MithMarlkalTibUi 

A.1. 4.1  lUlaMoos  kwohrtac  •  aod  * 

A.  1.4.3  Pictorials 

A.  1.4. 3  IWwi  wf  Roots  of  Nmbwi 
A.1. 4. 4  hriw  to  Pmlauto  of  a  Foot 

A.  2  CONVERSION  FACTORS 


a.  a.i 

Length 

1  A3. 13 

Fane 

A8.S 

Area 

A.1. 13 

Pressure 

A.  3.3 

Volume 

A.2.14 

Energy,  Work,  Heat 

A.  1.4 

Annular  Measure 

A.  2  , 

Thermal  Conductivity 

A.  3.5 

Tima 

A.1. 16 

Specific  I  Seat 

A.  3.3 

Linear  Velocity 

A.1. 17 

VIeeaeity 

A3.7 

Angular  Velocity 

iLS.13 

Twipenhu* 

A.  3.8 

Linear  Acceleration 

A.2.19 

Liquid -Oas 

A.2.9 

Angular  Acceleration 

A.2.30 

Water  Content  in  Oaaai 

A.  3.10 

Mare  and  Weight 

A.S.S1 

Leakage  Flow 

A-2.il 

Density 

A.3.33 

Volumetric  Flow  Rate 

A.8.S3 

Permeability 

A. 3  VOLUME  AND  CENTER  OF  ORAVITT 
EQUATIONS 

A.4  SECTION  PROPERTIES. 

(MOMENTS  OF  INERTIA) 
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APPENDIX* 


GREEK  ALPHABET 
ATOMIC  WEIGHT* 


M  MEEK  ALPHABET 


A 

a 

alpha 

H 

aU 

N 

V 

nu 

T 

T 

tau 

B 

0 

bata 

e 

9 

thaU 

X 

t 

xt 

T 

V 

u  pa  Hon 

r 

Y 

gamma 

i 

i 

iota 

0 

0 

omicron 

♦ 

P 

ohl 

a 

S 

(MU 

K 

K 

kappa 

n 

IT 

P* 

X 

X 

chi 

fi 

e 

apailon 

A 

X 

lambda 

p 

? 

rho 

♦ 

* 

P* 

L 

t 

MU 

M 

F 

mu 

X 

a 

aigmu 

n 

<*> 

nmapa 

A.l.|  ENGINEERING  DATA 
A.1.1  Atomic  Wolght*  and  Numbort 


IA  I  IIA  1113 


VII  I  VIH 


PCMOMC  CHART 


VIII 


t 

u 

MM  I  »  4I> 


II  II 

N*  Mg 

12*41  14.11 


41  *4 

*4  44  1 

44 

U 

till 

41 

Nb 

*1.41 

44  I  4J  44 

iu  !  u  n 


4*  4*  M  II 

Cd  U  Kb  Rl. 


44 

4) 

44  1 

41 

*4 

4* 

10  1 

1! 

Od 

Tb 

n,  : 

H<>  i 

Kf 

Tm 

Yb  ! 

I.ti 

IS*.  * 

li*.  1 

1*2  4*1 

1*4  *4 

1*1  1 

14*.  4 

Ill  04 

174  *« 

*4 

*1 

fl 

** 

IW 

141 

101 

10S 

Am 

Cm 

Dk 

Cf  i 

(E) 

(Km) 

<Vv) 

(No) 

( Lw  ( 

(141) 

_ 

.141) 

(141) 

J 

(144) 

L_  : 

111 

154 

1M 

mi, 

(157) 

SSSgrf8S& 


tim  cnumcal  (lemhir 


the If  ATOMS  MNNTV  sad 


(ImM  on  Cortun  If  «cc«rtf>n|  M  /•  ,*>•!  into* motion  linQsif  onO  OsmmMxto*  on  , 
mtemotooel  Union  «r  Pur*  M  Anmiee  ChemMtrrT 


^  < 

ttobSS 

Mow  1 

bmbal 

ttSS 

Noma  9 

amhri 

£3*  (ms 

ActbUnm 

Ac 

m 

(127) 

Hafnium 

iff 

72 

179.49 

Patnaaluna 

K 

19 

22.101 

Aluminum 

A! 

it 

96.94 

Hoiium 

Ho 

I 

4.006 

Praseodymium 

Pr 

54 

14011 

Americium 

Am 

M 

(241) 

Hnlmlum 

Ho 

67 

144.92 

Promethium 

Pm 

61 

(147) 

Aittamf 

Hb 

ti 

111.71 

Hydrogen 

ti 

1 

1.00797 

Protactinium 

Pn 

91 

(911) 

ArgM 

Ar 

u 

29.941 

Indium 

In 

49 

1UJ9 

Radium 

Ra 

99 

(996) 

Ant«!t 

Ao 

It 

74.91 

lodino 

I 

82 

192.90 

K§y)m 

In 

96 

(999) 

Astatine 

At 

M 

(119) 

Iridium 

!. 

77 

199.2 

Rhenium 

Re 

75 

196J 

Btrium 

Ca 

M 

187.24 

Iron 

Fo 

96 

5515 

Rhodium 

Rh 

45 

109.91 

BerkeHuru 

Bk 

97 

(249) 

Krypton 

Kr 

96 

22.20 

Rubidium 

Rb 

27 

98.47 

InjrlUra 

Bo 

4 

9.012 

Lanthanum 

La 

87 

122.91 

Ruthenium 

Ru 

44 

101.1 

Sliavtk 

B! 

It 

909.96 

Lawreaciun 

Lw 

102 

(987) 

Samarium 

Far 

69 

12012 

B 

f 

10J1 

Load 

Pb 

99 

907.19 

Scandt'jm 

Sc 

91 

4410 

Bromine 

Br 

SB 

79.909 

Lithium 

Li 

2 

6.929 

Saloatuaii 

So 

84 

71.96 

Cadmium 

Cd 

41 

11140 

Lutctium 

Lu 

71 

174.97 

Silicon 

81 

14 

9919 

Calcium 

Ca 

to 

40.09 

Magnesium 

Mg 

12 

94.91 

SUrcr 

Ag 

47 

107170 

Calif oraiuta 

Cf 

«6 

(tit) 

Manganese 

Mn 

25 

54.94 

Sodium 

Na 

n 

99,990 

Carbon 

C 

« 

11011 

Mendelevium 

Md 

101 

(256) 

Strontium 

Sr 

28 

8719 

Corlum 

Co 

N 

140.1* 

Morcury 

He 

90 

900.59 

Sulfur 

8 

16 

99164 

Caelum 

Co 

IS 

12191 

Molybdenum 

Mo 

49 

95.94 

Tantalum 

T 

72 

190.95 

Cbloriao 

Cl 

17 

21.442 

Neodymium 

Nd 

00 

14414 

TochnaUam 

a 

(90) 

Chromium 

Cr 

S4 

8100 

Noon 

No 

10 

90.192 

Tellurium 

To 

89 

19710 

Cobalt 

Co 

27 

8193 

Neptunium 

Np 

92 

(927) 

Terbium 

Tb 

68 

18919 

Copper 

Cu 

29 

6184 

Nickwl 

Ni 

99 

58.71 

Thallium 

Tl 

81 

30417 

Curium 

Cm 

96 

(247» 

Niobium 

Nb 

41 

99.91 

Thorium 

Th 

90 

929.04 

Dysprouium 

Dr 

66 

16180 

Nitrogen 

N 

1 

14.007 

Thulium 

Tm 

69 

168.91 

Einsteinium 

Go 

99 

(284) 

Nobeliura 

No 

109 

(984) 

Tin 

8n 

50 

119.09 

Erbium 

Er 

61 

167.96 

Osmium 

Oa 

76 

1001 

Titanium 

Tl 

99 

47.90 

Europium 

Eu 

68 

1810 

Oxygon 

O 

6 

15.999 

TubiAol 

W 

74 

19218 

Fnrmium 

Fm 

100 

(283) 

Palladium 

Pd 

46 

106.4 

Uranium 

u 

99 

928.02 

Fluorine 

F 

O 

19.00 

Pboapkorua 

P 

15 

20.974 

Vanadium 

V 

98 

50  JM 

Francium 

Fr 

87 

(223) 

Platinum 

Pt 

76 

195.09 

Xanoa 

Xo 

54 

12110 

Gadolinium 

Gd 

64 

157.25 

Plutonium 

Pu 

«4 

(949) 

Ytterbium 

Yb 

70 

17814 

Gallium 

Ga 

31 

69.72 

Polonium 

Pc 

84 

(910) 

Yttrium 

Y 

29 

8811 

Gormanium 

Go 

32 

72.59 

tin: 

Za 

20 

65.37 

Gold 

Au 

79 

197.0 

Zirconium 

Zr 

40 

9118 
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A.  1.2  Numerical  Prsfins 

A.  1.3  Physical  Constants 

Prefix 

Order 

Symbol 

Avogmdro’s  Number,  N.  —  6.0929  x  10-  atom*/ mole 

atto  — 

10  ** 

a 

femto  — 

10“ 

f 

PUnch'ii  Ceasti at,  k  —  1634  X  10*“  joule  see 

pin  — 

10  “ 

P 

nano  — 

10* 

n 

Stofan-Boltimeun 

micro  — 
mllii  — 

10* 

10* 

# 

m 

Constant  -  1.718  X  10  *Btu/<hr)(f*V'R4) 

centl — 
dec!  — 

10-* 

10  * 

e 

d 

Universal  Gas  Constant, 

deka  — 

10 

da 

R.  -  1844  ft-lb,/R 

hecto — 

10’ 

h 

kilo  — 

10’ 

k 

Velocity  of  light  in  a 

mega  — 

10* 

M 

vacuum,  c  **■  166, 982  miles/sec 

idgu  — 

i<r 

G 

t*ra  — 

10“ 

T 

Joules'  Ccnstant,  i  -■  778  ft-lbt/Btu 

A,  12 

ISMJCO:  MAY  1M4 

» 


aii — rnjfmf  a 


KMTHCAMTIOIL  TMHLCt 


A.14 


Yltm  mUh  mk  Kfriay  wWi  pwlMl—  tnm  Usid-' 
Wik  «f  biftaMariat  ikMlaxMOtata,"  EAUek,  Jaha  Wlky 
MilMl,  IMS. 


A.l.4.1  COKTAIN  CONITAKTI  CONTAINING  •  AND  t 

«  -  x.:itnuau  u 

«■  -  lunmm  if*  -  u«.  at  =  utmuom 


IImMpIm  ti  w 


Mir 

1 

i 

UemrUtm 

# 

1.14119' 

4 .497110 

ir 

uuiu 

0.790IM 

Ir 

MU77I 

0.974*71 

4m 

L15H4S71 

1099110 

W 

It  70790 

1.194119 

PUM'I  «f  v 


VmHm 

1  HpitttM 

m* 

9 AM  111 

0.994909 

IV 

o.ioim 

IjOOSTOO 

»■ 

31004177 

j.ru «o 

IV 

MWU 

SJM4W0 

PtmOom  «r » 

»/» 

VahH 

Uprifto 

•ft 

la  moo 

0.199119 

•tz 

1047190 

0.0100S9 

wi4 

0.7SCS90 

1*95090 

•/1M 

0J)’746J> 

1*41877 

Pwi  9t  t 


e* 

Volt* 

LofortttMK 

2.718SSS 

0.481294 

0.947179 

1.545708 

•* 

7.829057 

0.848609 

#' 

0.385886 

1.181411 

1.448721 

0.217117 

*  N’wbir  of  nwUosB  por  dotfrvM. 

t  Nu.sbor  of  Apyrooi  pit  radiaa. 

A.l.4.1  FACTONIAL8 

II 

*!  =  1*2*  8. .  .o 

1/nl 

1 

1 

* 

1 

0.6 

S 

4 

0.144437 

4 

SI 

9.414467  X  10  ’ 

5 

110 

0.436333  X  10-' 

4 

790 

0.188089  X 

7 

3,040 

0.188418  X  10  * 

4 

40A90 

0*48014  X  10-' 

9 

042,840 

0.275573  X  1C'' 

10 

8,828*00 

WA76573  X  10" 

11 

899,148  X  10* 

0.250521  x  10’ 

12 

479,002  x  10* 

OJ08788  X  10 ' 

13 

822.702  X  10* 

0.100590  X  lO" 

14 

-71,788  X  10* 

0.114707  X  10  " 

1$ 

100,747  X  10’ 

0.744714  X  10-“ 

14 

109AM  X  10* 

0.477948  X  10  " 

17 

855,487  X  10* 

0.T81146  X  10  '* 

IS 

640,237  x  jo* 

0.1 541 S2  X  10  " 

19 

121,445  X  10“ 

0.822044  x  10  " 

10 

143*90  X  10“ 

0.411032  X  10  “ 

M/«r 

VmIim 

Loftritba 

1/M 

OA 18810 

lAorno 

1/M 

OuMMIO 

1*03890 

t/w 

0*849*1 

1.979971 

t«U/M 

67  S957MS 

1.758118 

leak  «f  r 


w±i /• 

VafaM 

Logtrltlni 

vV 

1.7«J4f4 

0*48575 

1/ v'm' 

0.544190 

1.761415 

v7 

1.444591 

0.185717 

l/v^ 

0.488794 

1*34183 

A.1.4J  INCURS  TO  DKMALS  OF  A  FOOT 


It. 

Ft. 

1*. 

F* 

la. 

Ft. 

la. 

Ft. 

Vm 

.8092 

Vm 

.4849 

*/M  . 

.9449 

»Vm 

.0477 

Vi 

.8194 

Vi 

.431) 

Vi 

.4511 

7/9 

.8729 

Vis 

.4154 

Vm 

.4)44 

>Vm 

.957) 

«/m 

.9741 

»/4 

.4JM 

.9417 

.942) 

1 

.44)) 

la. 

Ft. 

Ia. 

Ft. 

!t. 

Ft. 

1 

.44)3 

) 

.4(47 

9 

.7)99 

2 

.1447 

SWM 

14 

.83)2 

) 

.2)94 

7 

.)•)) 

tt 

.9147 

4 

.)))) 

• 

.4447 

12 

1.9090 

JLI-3 


POWERS  AN®  ROOTS 
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A.  1.4.4  POWERS  AND  ROOTS  OF  NUMBERS,  CIRCUMFERENCES  AND  AREAS  OF  CIRCLES.  The  following  table 
lists  decimal  equivalents,  squares,  cubes,  square  roots,  cube  roots,  three-halves  powers,  fifth  roots,  reciprocals,  and  circum¬ 
ference  and  area  of  circles. 


Number,  M 
1/44  ToiSuiS 

Y,l\  :5ii8. 


.076125 

.BBS 

.Iff 

. 101979 
.Ul 
. 140435 
.  1)425 
.  WIRES 
.1178 
.10 

.2091 IS 

m 

! 245425 

.28125 

.204475 

.34 

.8184 

.328125 

.34375 

.359375 

.874 

.390425 

.40 

.40*25 
.42 >873 
4874 
.453125 
.44875 
.484375 
.10 

.515425 

.53125 

.546875 

.4484 

.578425 

.59375 

.40 

.409375 

•14 

.640625 

.65625 

.671875 

.0*74 

.70 

.703125 

.71871 

.7343/5 

780 

I  . 765625 
!  .78123 
I  .796675 


.4188 

. 826125 

.84375 

.859375 

.878 

.890625 

.90 

.90625 

.929875 

.8878 

.953125 

.96875 

.984375 


1.004244 

:g|5 1 

.*006104 

.004749 

.010 

.01194 

.01440 

.01974 

.42441 

.42954 


V*  VP  VP 


CbebC *  ■•*>) 

dream.  I  Area 


.541X10'*.  1750 
.503X10-4.1744 
.143X14-^.2145 
.044X10-*  .0040 
.477X19"1  .2795 
.424X14-*  .5042 
.00100  .5142 

.041300  .3307 

.041000  .0000 

.002742  .3734 

.305414  .3933 

.405077  .4ie4 

.400008  .4400 


.84C 

.04124 

.04745 

.45493 

.0444 

.07034 

.47914 

.04413 

.090 

.09744 

. 10747 

.11814 

. 12915 

.14048 

.15259 

.14 

.14504 

.itm 

.19241 

.20532 
|  ,21973 
.2*442 


.93941 
.OiJ 
.<6703 
.07300 
.08074 
.09594 
.10300 
.11344 
.19000 
.13709 
.14993 
.14353 
.17710 
. 19323 
1.20932 
.21400 
.22428 
.94414 
.26291 
.28242 
.30330 


.34300 

.34761 

.37131 

.39403 

.4X168 

.44879 

.47684 

.50602 

.51200 


.2508  .00195 
.3150  .00352 

-22  -Ssil 

.'4275  ! 02104 
.4543  .02871 
.4642  .03142 
.4782  .OMi: 


.56792 

.40067 

.63467 

.40999 

.70645 

.72900 

.74429 

.78344 

um 

.84587 

.90915 

95385 


.3200  t.  „ 
.3308  .04174 
.5340  .07124 

,«m  .00110 
.5840  .00944 
.5878  09135 
.8023  .10251 
.4144  .11547 


.8000  .4422 
.800381  .4307 
.01047  .4477 
.01287  .4841 
.01  >1  .8000 
.01874  .3154 
.02225  .3303 
.02413  .5449 
.0270  .5477 


.15490 
.14914 
.14174 
.1% 4J1 
.27400 
. 18794 
.20154 
.2)544 
.tr?84 
.24414 
.25290 
.25094 
.27402 


.30503 
.32093 
.337  k 

.tttTv 

.37023 

.38721 

.40442 


.8331  .43957 
.1405  .**5751 
.0454  .44474 
.0471  .47549 


.8421  .51775 
.4690  1.53.62 
.6759  j.  35072 


0090  .07000 

8879  .  58»64 
8892  .  589 >9 
8958  .49935 
9022  .42933 


tiL 

10.0 

12.00 

*0.4447 

10.0 

9.1429 

?I?m 

SlSIOl 

8.US8 

5.0 

4.9231 

m 

3 ! 7447 
•.55)4 
3.3404 
3.3333 
8.0000 
3.0474 
2.9691 
2.7824 
0.8047 
2.5600 

2.50 
2.4413 
2.3764 
1.800V 
2.2049 
2. 1555 
2.4445 
1.0 
1.9594 
1.8024 
1.6284 
2.7T70 
1.729T 
1.4842 
1.4447 
*.4410 
1.8000 
l  1.5410 
1.5236 
1.4684 
I  1.4848 
!  1.4266 

I  1.4222 
1.3913 
1.3417 
,  1.0888 
I  1.3041 
I  1.2000 
I  1.2549 
1  1.2500 

I  1,8000 
1  1.2075 

i  t . 1652 
I  I . 1636 
1  1.1488 

I  1.1228 
I  Milt 
i  1.1034 
»  1.0047 

k  1.04*7 
1  1.0492 

T  1.0323 
>  1,0159 


:«r.  • 

M; 

1 294321! 


.31 1141. 00785 
.34341.80039 


.01917 

.02520 


, 42052 
.430M 

.853 

,00337 
.93244 
.94346 
.tom 
1.0308 
1.0799 
I. 1290 
l.itji 
1.2272 
*.2544 
1.2765 
1.315 
1.874' 
1.4235 
1.‘f?26 
1.5217 
l.mo 

I. 4199  I 

J . 4690 
1.7181 
1.TOT1 
1.6(62 
1.8455 
1.8830 
1.9144 
1,08(3 
2.0126 
2.0417 
2.1100 
S.2800 
2.1991 
2.2089 
2.2580 
2.3071 
8. 8008 
2.4053 
2.4544 
2.5035 
2.5133 
S.MS6 
2.4016 
2.6507 
2.4998 
8.7404 
2.7900 
2.8274 
2.6471 
2.8942 
8.0408 
2.9945 
3.0434 
3.0925 


.03142 

lolls* 

.04314 

! 05542 
.04215 
.04922 
.07049 


.4034 

.09201 

.1014) 


.1(904 

.12544 

.12942 

.15979 

.10000 

.16126 

.17257 

.14427 

.10000 

.20041 

.22144 

.25489 


.26250 

.27400 

.20274 

.29145 


.32233 

.33024 

.53454 

.07180 

.30403 


A.14 
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POWERS  AND  ROOTS 


m 

1.93SI 

2,KN 

3.3751 

4.2910 

5,35*4 

4.3*1* 


1  2247 
1.274$ 
2.322* 
1.3493 


4.0M9 

4.5154 

9.0423 


tJ" 


*.*m 

9.5957 

11.3904 

13.3945 


..*904 

U» 


13.6350 


98.  WV, 


,875fi 
.434*1 
.7344 
.  1*54 

■m 

.7450 

.}402j 


1.4148 

1.4577 

1.5000 
1.541 1 

1.5811 

1.4202 

1.45*5 

1.4954 

1*8*1 

ijUt 

1,8571 

l:» 

l.*34i 

(.96*5 

9.800* 

3.W3IO 

2.0414 

2.0914 

2.1213 

2.1384 

*.IJ/9S 

2.2*379 


841133. 


8.8M1 

2.1431 

2.2(913 

2.3(44 


.9425111 


2.3452 

2.3727 

1.3979 

2.4238 


229. $89 
244.14*3 
239.88401 

274.4230) 

290.7754 

307.5<49j 

524.9512 


!«8 

7.5000 

2.9249 


50.74341 

52.5423 

54.3904 

54.2500 

54.1404 

40.0423 

42.0154 


341.7031 

,301.0701 

|40I.I3«9 

421. *750 
445.3223 
443.4*44 
4M.373I 


am 


44.0154  534. 
69.0425  541 .51341 


70. 1 4*415*7. 427 It 


72.25*6  614. 1250) 


74. 39061641 .4192) 


76.5425  649.92 


9219 

0430 


1 76. 7654^4*3 

SiSSSwlm*] 

*5. 5425! 791 .433)1 
17. *9041*23. 97441 


90 . 2500(957 . 3750 
92. 44061 991. 4444 
43.0423j926.8594 
47.5154  962.9448 


2.5495 

2.5734 

2.5981 

2.4IS 

8.0418 

2.(493 

2.4924 

2,7157 

2.7344 
2.7615 
2.7839 
2 

V 

2.8304 

2.8723 

2.4940 

2.9133 

2.934* 

2.959* 

2.979? 

m 

3.0414 

5,0419 

3.0*32 

3.1024 

3.1233 

3.1423 


1 

VR 

l.MM 

1.0000 

1*090 

i  sm 

1.1932 

1.0234 

1.3975 

1.0454 

I.IIM 

i.4'23 

1.045* 

1:88 

1.8  71 

1 .0843 

2.0713 

1.1020 

i:8! 

2.3150 

1.11*4 

2.5675 

1.1340 

l.MM 

e.oM*. 

5:58? 

1 .2854 

5.0477 

1,5104 

3.3750 

i.iSi 

1.5542 

3.(5401 

9.3572 

3.9529 

1.2011 

1.3795 

4.2530 

1.2129 

1.40)1 

1.4*19 

4.5604 

4.874* 

1.2242 

1.2352 

2.4491 

1.447# 

1.4*13 

l.MM 

Sf4 

i.UA 

1.3359 

1.2650 

1.5006 

6.  AMS 

1,2754 

l.SIg 

(.5479 

1.2*47 

6.90t« 

1.293* 

1 c 5334 

7.2619 

1.3026 

7.4279 

1.3112 

1.8894 

I.8M* 

l.MM 

1.6038 

8.3779 

1.3277 

1.6190 

1.7416 

1.3354 

(.4355 

9.131* 

1.34.34 

1.6319 

9.5460 

1.3310 

l.A44l 

9.9445 

10. >324 
10.7*37 

1.3564 

1.4*18 

1.3454 

1.4954 

1.3721 

1.9100 

11, MM 

1.8T09 

i:fiH 

1.7517 

11.4022 

12.0293 

12.4414 

1.3844 

1:38 

9.7652 

1.77^4 

12.0997 

1  4043 

13.3409 

1.4124 

1.7993 

I3.7M0 

1.41*1 

1.0044 

I4.24M 

1.4251 

2.4371 

14.0000 

1.4110 

1.4297 

15.1304 

1.4549 

1.8*20 

15.4250 

1.4427 

1. *542 

16.0941 

5.44*4 

1.4643 

16.5718 

1.4542 

1.0781 

17.C52X 

1.439* 

1.0899 

17.5370 

1.4631 

1.4703 

1.9013 

18.0244 

1.01*0 

38. IMS 

1.C7M 

1.9245 

19.01*6 

1.4*16 

1.9354 

19.3212 

1.4*62 

(.9445 

20.02*3 

1.4913 

1.9374 

20.3396 

1.4945 

1.9483 

21.0532 

1.5012 

1.97*9 

21.3751 

1.5861 

1.9*95 

22.0992 

1.5110 

l.MM 

2.0104 

a.**?! 

23.159* 

i.Kir 

1.5204 

2.0306 

2.430* 

25.4943 
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24.2349 
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24.7816 

1.5342 

2.0508 

25.3301 

1.5387 

2.0404 

2.0704 
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1.5431 

26.4394 

1.5475 
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1.6018 

27.5445 

1.5541 

2.0992 

28.1320 

1.5404 
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1.5444 

2.1179 
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2.1272 
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1.572* 
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1.3769 
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.22*57143 
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,17?9I3C4| 
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.143358*8 
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.15559322 
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.12903226 

.1269*413 

. 160000*0 

. 12307492 
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13.7445 

14.1372 

14.5299 
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14.4933 
16.9*60 

17.27*7 

I7.67S4 

19.0441 

16.456* 
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39.7422 

19.4349 

20.0276 

20.4203 

20.8930 

21.2037 

21.59*4 

21.9011 
21.383* 
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23.1492 

23.3419 

23.954* 

24.3473 

24.7400 

88.1*89 
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26.7035 

27.09*2 

27.4899 
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28.4670 
29.0597 
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21.6475 
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24.8505 

15.9472 
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29.4*47 

30.4794 
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34.471* 

35.7*47 

37.1223 


39.8795 

41.2*25 

42.71*3 

44.1784 
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2.0045 
2.9240 
2.9*25 


J.NM 

5.03** 

5.0725 

i.ion 

m 

3  2*75 
5.2394 
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4. 1903 
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74.3*7 
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272.19 
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1.093* 
1.1722 
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1.9*18 

1. VT4* 
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2.0477 
2.35*9 
2.M99 
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2.1779 

a.soor 
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2.2039 
2.2124 
2.22M 
2.2200 
2.23*9 
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2.2795 
2.2029 
2.2902 
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2.3901 
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09.1130 
72.25M 
73.3902 
78.3590 
M.00I9 
04.0229 
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97.3093 
100.5309 
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131.94*0 
135.0004 
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144.5191 
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1*0.221 1 
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218.7*97 
810.011* 
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232.4777 
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241.9024 
245.0440 
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340.3*00 
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419.4730 
453.3093 
490.0739 
530.9292 
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19M.0M 
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12M.I03 
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24*3. 0M 
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5421.194 
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4417.0*4 
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.01234368 
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260.732 
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84 

83 

M 
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5674.381 
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87 

88 

8t 

7368 
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4.4647 
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88 
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91 

82 

83 
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868.09 
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289.024 
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84 

83 

H 
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2.4663 
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301.593 
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87 

88 

88 
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4.6104 
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10404 
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1124884 
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2.5336 
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10.3830 
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4.8346 

1169.5 
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2.3649 

2.5693 

2.3740 

.00900901 
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.00804936 
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4.8488 
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356. 141 
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10207.09 

10386,89 

10368.32 
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18.8167 
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10.9087 
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4.9049 

4.9187 
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2.5928 

2.5964 

2.6008 

.00034781 
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4.9461 

4.9597 
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1331.0 

1347.5 
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2.6093 

2.6138 

2.81*1 

.00826446 

.00819672 

.08813008 
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333.274 

386.414 
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13376 
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11.1335 
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4.9866 
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1388.8 

1397.5 

1414.4 
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389.557 
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395.840 
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2146889 

11.2694 
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1431.2 
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2.6349 

2.639C 

2.6431 

.*10787402 
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S18T88* 
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2248091 
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3.0916 
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1316.8 
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24081*4 
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11.5759 
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11.8619 
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5.1426 

1351.2 
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14313. U 
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11.7047 
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3.  *53! 
3.1676 
5.1801 

1603.6 
1621. 1 
1638.8 

7.6751 

2.6790 

2.6829 

.00729927 

.00724638 

.80719424 

430.398 

433.339 
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14741.14 

14957.12 

15174.67 
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1*888 

*766888 
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2239.9)4 

399272.03 

714 

599794 

36)994344 

26.7208 

8.9378 

19079 

3.7217 

.00140056 

224)  095 

400392.84 

713 

511223 

363323875 

26.739S 

8.9420 

191 19 

3.7227 

.00139860 

2246.257 

401515.18 

714 

SS2654 

567061696 

H  .7582 

8.9462 

19159 

3.7238 

.00139665 

2249.376 

402639.08 

7!7 

514089 

36860161) 

21  7769 

8.930 

19199 

3.7241 

.00139470 

2252.520 

403764.56 

711 

313324 

370146232 

26.7955 

8.9)45 

19239 

3.7258 

.00139276 

2255.662 

404691. M 

719 

516941 

371694959 

26.6142 

6.9387 

I92M 

3.7269 

.00139012 

2258.303 

406020.22 

TO 

C1840V 

FT  81  MOM 

M.MM 

6. 90M 

108M 

I.T1T9 

.99199999 

MTA.848 

MT1M.41 

721 

519841 

374803361 

26.8SI4 

8.9676 

19360 

3.7290 

.00138696 

2263.886 

408282.17 

722 

521284 

376367041 

26.8701 

1.9711 

19400 

3.7300 

.80138304 

2268.228 

409413.58 

723 

522729 

377933087 

26.M87 

6.97)2 

19440 

3.7310 

.00138)5 

2271.370 

418550. M 

724 

524174 

37930)424 

26.9072 

8.9794 

19481 

3.7321 

.00138122 

2274.511 

411686.87 

723 

525425 

30107812) 

26.9258 

6.9833 

19521 

3.7331 

.0013793) 

>277. 633141 2824. 91 

724 

527874 

382857176 

26.9444 

1.9876 

19562 

3.7341 

.MI37741 

22M.794 

413964.32 

727 

525529 

384248583 

26.9629 

8.9918 

19M2 

3.7351 

.Ml  373)2 

2283.9)6 

415103.71 

724 

52*984 

385878332 

26.9815 

8.9959 

19643 

3.7362 

.Ml  37363 

2287.078 

416248.46 

729 

331441 

387-C2&4C9 

27.0000 

9.90M 

19683 

3.7372 

.M137I74 

2298.219 

417392.79 

TM 

S8N11MI 

1T.01M 

0.8061 

1MM 

8.TM8 

.99199999 

MM. Ml 

lift ft. ft 

731 

534341 

390817891 

27.0)70, 

9.0M2 

19764 

3.7392 

.8013679? 

2796.382 

41 '686. 15 

S35824 

392223 IM 

27.0553 

9.012) 

I9M5 

3.7403 

.001)6612 

2299.644 

420635. 19 

733 

537289 

3938328)7 

27.0710 

9.0164 

19845 

3.7413 

.Ml  34426 

2302.78)1 

421985.79 

734 

338754 

393448904 

27.0924 

9.020) 

19086 

3.7423 

.Ml  36240 

295. 927 

4231)7.97 

73$ 

540225 

397945)75, 

27.1109 

9.0246 

19927 

3.7-.S) 

.801 36054 

2 '09. 069 

474291.72 

734 

541494 

398688258 

27.1293 

9. 0207 

19967 

3.744) 

.MI33870 

2312.214 

425447.04 

737 

543149 

490313353 

27.1477 

9.0328 

3.7454 

.Ml  35*85 

2315. 3S2 

426M3.94 

739 

544444 

401947272 

27. 1662 

9.0369 

MOM 

ofHT 

3.7464 

.Ml  >5501 

2316.49) 

427762. M 

734 

344121 

403383419 

27.1046 

9  0410 

21090 

3.7474 

.MI333I8 

2)21.635 

428927.4) 

T44 

Mfv 99 

4990N990 

M.MM 

0.06M 

MM0 

S.T4M 

mum 

MM.TTT 

48SM6.M 

741 

349MI 

408849021 

27.2213 

9.0491 

20171 

3.7494 

.MI34053 

2)27.018 

431247.21 

742 

550544 

400318401 

27.2)97 

9.0532 

20212 

S.75C4 

Ml  3477 1 

2))l.864 

4)2411.93 

743 

552049 

419172497 

27.25M 

9.0572 

20233 

3.7314 

.00114590 

2334.281 

433578.27 

744 

553534 

411830784 

27.2764 

9.061) 

20294 

3.7324 

.MI34409 

2)37.34) 

434746. 16 

745 

355023 

413493623 

27.2947 

9.0654 

20333 

3.7534 

.00134220 

2)40.485 

4)3913.62 

744 

554514 

415160936 

27.3130 

9.0694 

20376 

3.7)45 

.00*34048 

2343.626 

4)7046.64 

747 

3380P9 

416832723 

27.3)13 

9.0735 

20417 

3.7353 

.00133869 

2346.768 

438259.24 

74S 

559504 

418508992 

27.3496 

9  0775 

20458 

3.7365 

.00133690 

2349.909 

439433.41 

749 

561001 

420189749 

27.3679 

9.0816 

20499 

3.7575 

.00153511 

2353.051 

440609.14 

TM 

imtt 

M10T80M 

IT. SMI 

9.0088 

SMM 

S.fSM 

.00188888 

8884. 1M 

441TM.4T 

751 

544001 

423564751 

27.4044 

9.0896 

20581 

3.7395 

.00133156 

2359.334 

442965.33 

752 

565504 

425259008 

27.4226 

9  0937 

20622 

3.7605 

.ocm"?) 

2362.476 

444145.80 

753 

56 J 009 

426957777 

27.4408 

9.0977 

20663 

3.7615 

.00132802 

2365.617 

445327.M 

754 

568516 

428661064 

27.4591 

9.1017 

20704 

3.7623 

.00133626 

2368.759 

446511.42 

755 

570025 

430368875 

27.4773 

9.10)7 

20745 

3.7635 

.00132450 

237 ! . 900 

44706.59 

756 

57 1536 

432081216 

27.4955 

9.1996 

2078’ 

3.7645 

.00132275 

2373.842 

448883.32 

757 

573049 

433798093 

27.5136 

9.1138 

20828 

3.7655 

.00132100 

2378. 1S4 

450071.63 

758 

574564 

43551951; 

27.5318 

9.1178 

20869 

3.7664 

.30131926 

2381.325 

451261.51 

759 

576981 

437245479 

27.3500 

9.1218 

20910 

3.7675 

.00131752 

2584.467 

457452.96 

TM 

8T78M 

4X8998006 

ST. 4401 

11268 

M8M 

S.T6M 

.00181  "ITT 

M8T.8M 

491941. tO 

761 

579121 

440711081 

27.5862 

9.1293 

20993 

3.7694 

.00131406 

2390.75* 

4>4840.57 

762 

580644 

442450721 

27.6043 

9.1333 

21035 

3.7704 

.00131234 

2393.692 

456036.73 

763 

382169 

444194947 

27.6225 

9  1376 

21076 

3.7714 

.00131062 

2397.03.1 

457234.46 

764 

583696 

445943744 

27.6405 

9.1418 

2>117 

3.7724 

.00130890 

2400.1/5 

458433.77 

765 

585225 

447697125 

27  6586 

9.1458 

21159 

3.7734 

.00130719 

2403.316 

459634.64 

766 

586756 

447455096 

27.6767 

9  1498 

21200 

3.7744 

.aO 130546 

2406.458 

460837.06 

767 

588289 

431217663 

27.6948 

9.1537 

21242 

3.7754 

.00130378 

2409.600 

462041.10 

768 

589324 

45798483; 

27.7128 

9.1577 

21283 

5.7764 

.00130208 

2412.741 

463246.69 

769 

591361 

454756609 

27.7308 

9.3617 

2;  325 

3.7174 

.0015003'' 

2415.883 

464453.64 

TTQ 

•9X900 

688888000 

XT.  7  4*9 

X.188T 

I1MT 

S.TT64 

.M18MT0 

8419.084 

688MS.tr 

771 

594441 

458314011 

277C65 

9.1696 

21408 

3.7793 

.00129702 

2422.166 

466872.87 

772 

595994 

46009964) 

27.7849 

9. 1736 

21450 

3.7803 

.00129534 

2425.307 

468084.74 

773 

597529 

461889917 

27.8029 

9.1775 

21492 

3.7813 

.00129366 

2428.449 

469298. 18 

774 

599076 

’63684824 

27.8209 

9.1815 

21533 

3.7822 

.00129199 

2431.591 

47*513. 19 

775 

600625 

465484375 

27.8381 

9.1355 

71575 

3.7832 

.00129032 

2434.732 

471729.77 

776 

602176 

467288576 

27.8568 

9.1694 

216)7 

3.7842 

.00128866 

24)7.874 

472947.92 

777 

603729 

469097433 

27.8747 

9. 1933 

21658 

3.7852 

.00128700 

2441.015 

474167.65 

778 

605264 

47091095; 

27.8927 

9.1973 

21700 

3.7861 

.00120535 

2444.157 

475388.94 

779 

606841 

472729139 

27.9106 

9.2012 

21742 

3.7671 

. 00 t 28370 

1 2447 . 299|4766l  1 . 8 1 

<- 
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APPENDIX  A 


POWERS  AND  ROOTS 


wmi 

*11524 

*>59** 

*14*5* 

*1*225 

*1779* 

*195*9 

*20944 

*22521 


47*579541 

4712117*9 


*25«*t 

*172*4 

*2*949 

630436 

*32025 

*35*1* 

*35209 

636*04 

*3*401 


*41601 

*43204 


*4*49* 

*4*025 

*49*3* 

*51249 

*52**4 

*544*1 

Will 

*57721 

659344 

660969 

*62596 

664225 

665*36 

6674*9 

669124 

6707*1 

«n*M 

*74941 

6756*4 

•77329 

67*976 

6*0625 

6*2276 

6*3929 

6*5565 

687241 


*90561 

692224 

693C«9 

695556 

697225 

69*896 

700569 

702244 

703921 

90MW 

707291 

700964 

710649 

712336 

714025 

715716 

717409 

71913* 

720801 


4*1090504 

4*3736625 

4*55*7654 

4*7445403 

4*4303*72 

49)169069 


494915671 

4967950*0 

490677257 

300566184 

502459*75 

50435*336 

306261575 

50*169592 

5100*2399 

5 I 3922401 

51534960* 

5177*1*27 

51971*464 

52166  3123 

523606616 

523:57943 

527514112 

529475129 

m *61*60 

533411735 

5353*7326 

537347797 

539353144 

54 1 345375 

54333*496 

54533*513 

547343432 

5493532591 

M1M6000] 

5533*7661 

355412248 

537441767 

559476224 

5(1315625 

363559976 

5656092*3 

567663552 

5697227*9 

VT1TIT000 

573*5619! 

375930368 

5780095371 

5W0937M, 

582I82C75 

5*4277056 

386376233 

5884*0472 

5905*9719 


394823321 

59694/6*8 

599077107 

6012115*4 

603351123 

405995736 

607645423 

609800192 

611960049 


Vn 

vx 

ir.we 

1.0*6* 

27.9464 

9.2091 

27.9643 

9.2130 

27.9121 

9.2170 

28.0000 

4.2209 

28.0179 

9.2248 

28.0557 

9.22*7 

28.0555 

9. 23' 6 

53.0713 

9.2365 

28.0091 

9.2404 

28.1247 
2*. 1425 
28.1603 
21. 1780 
28.1957 
28.2135 
28.2312 
21.24*9 
28.2664 
M.Mtt 
28.3019 
28.3196 
28.3373 
28.3549 
2*. 3725 
28.3901 
28.4077 
28.4253 
28.4429 


28.6531 
28.6705 
28.6880 
28.7054 
28.722* 
28.7402 
28.7576 
28.7750 
28.7924 
M.M9T 
26.8271 
28.8444 
28.8617 
28.8791 
28.8964 
28.9137 
28.9310 
28.9482 
76.9655 
U.NM 
29.0000 
29.0172 
29.0345 
29.0517 
29.06G9 
29.0841 
29. 1033 
29. 1204 
79.1376 


28.4781 

28.4956 

28.3132 

28.5307 

28.5482* 

28.5657 

28.5832 

28.6007 

28.61*2 


0.2482 

9.2321 

9.2560 

0.2590 

0.263$ 

9.2677 

9.27U 

9.2734 

9.2703 

•.m> 

9.2878 
9.2909 
9.2948 
9.298* 
9.3025 
9.5063 
9.3102 
9.3140 
9.3179 
f  .*819 
9.3255 
9.3294 
9.3532 
9.3370 
9.340* 
<2.3447 
9.34*3 
9.3523 
9.3561 
9.8*90 
9.3637 
9.3675 
9.3713 
9.3751 
9.3789 
9.3827 
9.3865 
9.3902 
9.3940 
f.WiV 
9.4016 
9.4053 
9.4091 
9.4129 
9.4166 
9.4204 
9.4241 
9.4279 
9.4316 
9.6*86 
9.4391 
9.4429 
9.4466 
9.4503 
9.4541 
9.457* 
9.4613 
9.4652 
9.4690 


t.rai 

3.7890 

3.7900 

3.7910 

5.7920 

3.7929 

3.7939 

3.7949 

3.7959 

3.7969 

s.nvt 

3.7987 
3.7997 
3.6006 
3.8016 
3.0023 
3.8033 
3.8044 
3.8054 
3.0064 
S.80VS 
3.0003 
3.0092 
3.8102 
3.0111 
3. *121 
3.8130 
3.1130 
3.8149 
3.815* 
8.8180 
3.8177 
3. SIM 
3.8196 
3.8205 
3. *215 
3.8224 
3.8234 
3.8243 
3.8252 
8.88*0 
3.8271 
3.8286 
3.8299 
3.8299 
3.8308 
3.8317 
3.8327 
3.8336 
3.8345 
8.8*88 
3.8364 
3.8373 
3.8382 
3.8391 
S.M01 
3.8*10 
3.8419 
3.8428 
3.8437 
8.8666 
3.8456 
3.8465 
3.8474 
3.8483 
3.8492 
3.850! 
3.8510 
3.8519 
5.8528 


.00128041 

.00127877 

.00127714 

.001:7551 

.00127589 

.00127226 

.00127065 

.00126904 

.0012674) 


.00126422 

.00126263 

.00126103 

.00125945 

.00I257M 

.00125620 

.00125471 

.00125313 

.00125136 


Cirri*  (V  -  D) 
Clmun.  An* 

*4*0.649  47TSJ6.I 

2453.3*2  4790*2.< 
2458.723  4002*9.1 
2459. MS  4*151*. 1 
2463.007  462749.1 
2466.148  4839*1.1 
2469.290  4*5215.1 
2472.431  4*6451.2 
2475.573  4876M.2 
2478.715  4M476.I 
M*1  Ml  69MM.I 
24*4.99*  49140*.: 
248*.  139  442*51.1 
24*1.281  ^*3*96. 1 
2494.412  495143.2 
2497.564  .94341 .2 
2308.706  497*40.1 
2503.847  490*91.1 
2506.989  3QOI44.1 
2510. 130  301390.1 
•cu.m  MMM.I 
2318.414  503912.2 
2jI9.555  505171.2 
2522.697  5C643U 
2525.838  907693.1 
252*. 9*0  50*957.4 
2552.122  510222.1 
2535.2*3  5114*9.2 
2538.405  512758.1 
2541.546  51402*.  I 


.80124844  2316.414  503912.25 
.90124430  2)19.355  505171.24 
.00124333  2522.697  5C643C.M 
.0012437*  2525.838  907693.94 
.00124224  252*. 9*0  50*957.64 
.MI2406V  2552.122  510222.92 
.6012391*  2)35.2*3  5114*9.77 
.60123762  2)38.403  51275*.  19 
.09123*09  2541.546  51402*.  IS 
.NJINR  Wl.W  UMM.T4 
.00123305  2347.829  516572.87 
.0012315)  2550.971  517*47.37 
.00123001  2354.113  519123.34 
.00122850  2537.254  520401.6* 
.8012.1699  2560.396  521681. 10 
.00122549  2563.537  522962.08 
.30122399  2566.679  524244.69 
.00122249  2569.821  535528.76 
.00122100  2572.962  526814.46 
.681318*1  tm.lM  HSlOi.TS 
.00121803  2579.245  579390.56 
.00121633  2582.387  530680.97 
.00121507  2585.529  531972.95 
.00121359  2588.670  5332M.50 
.00121212  2591.812  534561.62 
.00121065  2594.953  535858.32 
.00120919  2598.095  537156.58 
.00120773  2601.237  538456.4! 
.00120627  2604.378  539757.82 
.OMtMtt  N».«N  861080. T* 
.00220337  2610.661  542365.34 
.00120192  2613.803  343671.46 
.00120045  2616.944  544979.15 
.00119904  2620.086  546288.40 
.001 19760  2623.228  547599.23 
.001 19617  2626.369  54891 1  63 
.00119474  2629.511  550225.61 
.00119332  2632.652  551541.15 
.80119190  2635.794  552858.26 
.0011006*  MM, 9*4  664176. M 


W76.1M  8S8161 

2579.245  $79390. 
2582.387  530680. 
2585.529  531972. 
2588.670  5332M. 
2591.812  534561. 
2594.953  535858. 


.00220337 
.00120192 
.00120045 
.00119904 
.00119760 
.00119617 
.00119474 
.00119332 
.80119190 
.00110049 
.00118906 
.00118765 
.00110624 
.00118483 
.00118343 
00118203 
.00! 18064 
.00117925 
.00117786 


2642.077 

2645.219 

2648.360 

2651.501 

2654.644 

2657.785 

16W.427 

2664.068 

2M7.2I0 


555497.20 

556819.07. 

558142.42 

559467.39 

560793.92 

562122.03 

563451.71 

564782.96 

566115.78 


ISSUED:  MAY  1964 


A.M7 


POWERS  AND  ROOTS 


APPENDIX  A 


( 


** 

A* 

vu 

1 

Viv 

A»t 

» 

V77 

1 

Cirri*  {N  m  D) 

N 

N 

Circum. 

Aim 

Ml 

T8M60 

618111000 

89.1848 

9.41*1 

06100 

8.8614 

.00111067 

HN.080 

•09406.19 

Ml 

M2 

M) 

724201 

723904 

777609 

616293051 

618470208 

620630477 

29.1719 

29.1890 

29.2062 

9.4764 

9.4801 

9.4838 

24825 

24C69 

24913 

3.8347 

3.8336 

3.8565 

.03117501 

.00117371 

.00117233 

2473.49) 

2674.433 

2679.776 

560706. 14 
570123.47 
371442.77 

M4 

isj 

855 

729316 

731023 

732736 

627835M4 

425026375 

627222016 

29.221) 

29.2404 

29.2573 

9.4873 

9.4912 

9.4949 

24937 

25000 

25044 

3.85/4 

5.8582 

3.8592 

.00117016 

.00116151 

.00116022 

2482.918 

24M.039 

2689.201 

372803.45 

374145.69 

575489.31 

•57 

358 

•59 

734449 
736164 
737881 
. . 

629422793 

631628712 

633839779 

29.2746 

29.2916 

29.3087 

a*  mu 

9.49M 

9.302) 

9.5060 

«  UM 

23088 

25132 

23176 

10000 

3.8601 

5.8610 

3.MI9 

t  8888 

.00116606 

.00116550 

.00116414 
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POWERS  AND  ROOTS 
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51.5753 

9.9900 

51480 

5.97*7 

.ooioosoi 

51)2.145 

780492 . *4 

*** 

9*4044 

994011992 

51.5911 

9.9955 

51528 

5.9795 

.OCIOOTM 

51)5.307 

782259.71 

*** 

*9 (OOt 

*97002999 

51.4070 

9.9947 

51575 

5.9*05 

.00100100 

5158  448 

78)820.15 

vm 

imm 

1MSMMM 

n.osss 

10.0000 

01CSS 

S.tttl 

.00100100 

*141.100 

T0SMO.10 

A.2.  CONVERSION  FACTORS* 


A. 2.1  Length  (l) 


Multiply  — w 

by  Centimeters 

J  To  Obtain  N* 

feet 

Inches 

Kilometer* 

Nautical 

miles 

Met<.ro 

Microns 

Mila 

MU.. 

Millimeters 

Yards 

Centimeter* 

l 

30.48 

2.  540 

.0s 

1. 853 
x  10* 

!0h 

10"* 

2.  540k 
x  10“3 

1. 209 
x  10? 

0.  1 

91.44 

Feet 

281 
x  10*2 

1. 

8.  ns 

x  »0'2 

3281 

6080 

3.281 

1.281, 
x  10'* 

*.  333. 
x  IP** 

4280. 

1.281 
x  I0"5 

3. 

Inchee 

0. 3917 

12. 

1. 

3.917 
x  I04 

7.246 
x  I04 

39.  37 

3.937 
x  I0*» 

0.001 

6.  336 
x  I04 

1.937, 
x  10'2 

36. 

Kilometers 

.O'* 

3.048 

*  to'-* 

2.540 
x  I0'5 

t.  853 

0.003 

10‘9 

2.540 
x  10* 

1.609 

I0*‘ 

9.  144 
x  10'4 

Nautical 

Miles 

6.  V36 

x  I0  b 

1.645 
x  I0“* 

1.  371 
x  10'* 

0. 5396 

1, 

5.  396 
x  10"4 

5.397 

X  10'10 

1.  371 
x  I0"8 

0 , 8684 

5.  397 
x  tO-7 

4.934 
x  I0'4 

Meter* 

0.  01 

0  1048 

2 .  540 
x  I0'2 

1000. 

1853 

1. 

.o‘ 

2.  540. 
x  10*5 

1609 

0.001 

0.9144 

Micron* 

to" 

1. 048 
x  10s 

2.  540 
x  104 

to9 

t.  853 
x  tO9 

10° 

1. 

25.40 

1.609 
x  10s 

1000. 

9.  144 
x  t05 

Mils 

ill.  7 

t.  200 
x  04 

100U. 

3.937 
x  I07 

7.  296 
x  107 

3.937 
x  I04 

3. 9  37 
x  I0‘2 

1. 

6.  337 

x  I07 

39  37 

3 . 600 
x  tfl* 

Mile# 

6  214 
x  !0*6 

1.614 
x  10*  1 

1. 578 
x  I0'5 

0. 8214 

1. 1516 

6.  214 
x  20"4 

6  214 
x  i0‘10 

i  578 
x  I0“8 

! . 

6.  2t< 
w  10  7 

5.  602 
x  tO'4 

Mi  III  meter  5 

10. 

104.  8 

25.  40 

.0* 

t.  853 
x  106 

1000. 

10  » 

2.  540 
x  10  2 

1.609 
x  I0b 

t. 

914.  4 

Ya  rd* 

1 . 094 
x  10*2 

o.  in t 

2.  778 
x  to'2 

1094 

2027 

1. 094 

1 .  094, 
x 

2.778 
x  i0’5 

1760. 

1.094 
x  10'* 

1. 

♦  All  conversion  Table*  A.  2.  1  through  A.  2.  14  were  reprinted  or  adapted  with  permiaeion  from  "Handooofc  of  &v  inhering  Fundamentals,  ”  Cehbach,  pp. 
1.148  to  1-158.  and  1-165,  1-  166.  1952,  Jofn  Wiley  and  Son*. 


A. 2-1 


ISSUED:  NOVEMBER  1869 
SUPCnSEDES:  MAY  1964 


APPENDIX  A 


CONVERSION  F ACTONS 
AREA— VCLUMI 


A.3.2  Atm  (V) 


A.Z.3  Volumt  (Ll) 


ISSUED'  MAY  1964 


X 

1 

f 

1 

l 

] 

i 

i 

1 

1 

i 

I 

1 

i 

i 

1 

1 

i 

1 

i 

Aarm 

1 

2  29b 

x:o-» 

247  1 

2  471 

xio-* 

640 

2.066 

XIO-* 

Ckwburn ib 

1 

1.9/3 

Xio* 

1.533 

xio* 

1  273 

xio* 

1  973 

xio* 

1973 

BH— W  MllMt  t* 

5.047 

XI0-* 

1 

929.0 

6.432 

I0» 

10* 

2  590 
xio** 

0.01 

0361 

Square  feet 

4.3 K 
XIO* 

1.074 

xio-* 

1 

6.944 

xio-* 

1.076 

xio» 

10.76 

2  788 
Xifl* 

1  076 

xio-* 

9 

8quare  ijba 

U72A40 

7.054 

XIO-' 

0.1550 

144 

1 

1.330 

XIO* 

1550 

4.015 

XIO* 

1.550 

xio-* 

1296 

Square  kUanttcn 

4.047 

xio-* 

10-M 

9.290 

xio-* 

6.452 

XIO-** 

1 

io-* 

2.390 

io-** 

8  361 

xio-» 

Square  meter* 

4M7 

0  0001 

9.290 

xio-* 

6.452 

XI0-* 

10* 

1 

2.590 

xic* 

io-« 

0.8361 

Square  mike 

1.542 

XI0“» 

5.061 

xw-;» 

3  507 
xio-* 

0  3061 

3.861 

xio-» 

1 

3.061 

xio-** 

3  228 

xio-’ 

Square  millimeter* 

5.067 

XI0-« 

too 

9.290 

XIO* 

645  2 

10** 

10* 

1 

0  361 
XIO* 

Square  yards 

4040 

1.196 

xio-* 

q.iiii 

7.716 

XI0-* 

1  196 
XIO* 

1.196 

3  09# 
XIO* 

1.196 

xio-* 

1 

Multiply 

°  4^ 

l 

i 

o 

“1 

Cubic  feet  | 

| 

1 

1 

! 

| 

GaUou  (liquid) 

Liter* 

1 

3 

a 

ft 

Quarts  (liquid) 

Bothnia  (dry) 

1 

0  8036 

4.651 

xio-* 

28.38 

2.838 

xio-* 

Cabin  centimeters 

3.524 

XIO* 

1 

2.832 

XIO* 

16.59 

10* 

7.646 

XIO* 

3785 

1000 

473.2 

946  4 

Cabin  fert 

i , 2445 

3.531 

xio-* 

1 

5.787 

xio-* 

35.31 

27 

0.1337 

3.531 

xio-* 

1 .671 
XIO-* 

3.342 

XI0-£ 

CafaieiacbM 

2150.4 

6.102 

xio-* 

1728 

1 

6.102 

xio* 

46,656 

231 

61.02 

28.87 

57.75 

oubm  amtem 

3.524 

XIO"* 

10-4 

2.832 

xio-* 

1.639 

xio-* 

1 

0.7646 

3.785 

xio-» 

0.001 

4.732 

XUM 

9.464 

XI0-* 

Cabin  yard* 

1.308 

xio-* 

3.704 

xio-* 

2.143 

x:o-» 

1.308 

1 

4.531 

xio-* 

1306 

xio-* 

6.189 

xio-* 

1.238 

xio-* 

OaOaaa  (liquid) 

2  642 

xio-* 

7.481 

4.329 

xio-» 

264.2 

202.0 

l 

0.2642 

0.125 

0.25 

Li  Mm 

35.24 

0.001 

28.32 

1.639 

xio-* 

1000 

764.6 

3.785 

1 

0.4732 

0.9464 

Ftakn  (Squid) 

2  !!* 
xio-* 

39.84 

3  463 

xio-* 

2113 

1616 

6 

2.113 

1 

2 

Quark*  (Squid) . 

1.057 

xio-* 

29.92 

1.732 

xio-* 

1037 

807.9 

4 

1.057 

0  5 

1 

M  OS 


Month 

1 

msmmm 

HO  Pay) 

3.866  X  10  ' 

<2.283  X  10  • 

1.370  X  10  * 

0.033 

1 

1 

Year 
n«r.  Jay) 

3.i7  X  10  * 

l.i)  X  10  * 

1.142  x  10  * 

2.74  X  10  * 

8.3S  X  10- • 

1 

A.2-3 


ISSUED!  FEBRUARY  1970 
SUPERSEDES:  MARCH  1967 


I 


J 


APPENDIX  A 


CONVERSION  FACTORS 
MASS  AND  WEIGHT.  DENSITY 


A.2.10  Man  (hi)  and  Wtight 


MuMpty 

K 

J 

1 

1 

1 

I 

♦- 

I 

1 

J 

i 

1 

i 

1 

(Mu 

1 

13.41 

I.S4S 

xip 

1  543 

xio** 

437.3 

7004 

dm* 

4.411 

xio-* 

1 

IOOO 

0.001 

24.33 

433.4 

1.014 

XIP 

ip 

9.472 

IP 

4.411 

x»-» 

0.001 

1 

;s-« 

ST 

*1 

0.4334 

1014 

1000 

907.2 

MUta 

44.41 

1000 

IP 

1 

2.433 

xip 

4.334 

XIP 

1.014 

XIP 

IP 

9.072 

XIP 

3.2 

XIP 

Oueess  t 

2  244 
XIS-* 

3.327 

xi«-« 

35.27 

3.327 

xio-* 

1 

14 

3.344 

XIP 

5.3*7 

XIP 

ISondi  f 

!.4K 

xi#-4 

l.M 

xio-« 

2.20S 

2  245 

xi®-» 

4.230 

XI0-* 

1 

2240 

2203 

2040 

TMo  Qaag) 

0.442 

xio-» 

9.042 

XW'* 

9.442 

xio-«* 

2.790 

XI0-* 

4.444 

XI0-« 

1 

0.9042 

0.4929 

Tom  (mrWis) 

io-« 

0.041 

10-* 

2.833 

XIO** 

4.334 

XW-« 

1.014 

1 

w.9072 

Tom  abort) 

MSI 

xit-« 

1.102 

XIO-4 

1.142 

xi«-» 

3.  US 
xio » 

0.0003 

1.120 

t.m 

1 

*  Tkw  mm  mwotIm  (Mtwi  apply  to  the  fwila(tM«l  un<te  of  foroo  burin*  the  com*poadia« 
«%mm.  Tbo  dimensions  of  thoM  unite  whoa  u*»  1  m  gravitational  unite  of  foroo  ora  MIT-*-,  mo 
Ubl  for  f«TM. 

t  Avoirdupois  pound*  03d  ouaooo. 


A.2.1 1  Density  or  Mass  par  Unit  Volume  (ML-*) 


Multiply  . 

|  V 

|  To  Ootain 

flriffl*  per 
cubic 

centimeter 

Kilos  i  snu 
p*  r 

cubic  meter 

Poun’ds  per 
cubic  foot 

Pounds  per 
cubic  inch 

Pounds  per 
mil  foot* 

Grams  per  '■ubic  centimeter 

l. 

0. 001 

1.602  x  10'Z 

27.  68 

2, 937  x  Irt6 

Kilogramn  *>er  cubic  meter 

1000. 

1. 

16.  02 

2.  768  x  104 

2.937  x  109 

Pound*,  per  cubic  foot 

62.43 

6. 243  x  tO'2 

1 . 

1728 

1. 833  x  108 

Pound*  per  cubic  inch 

3.613  x  I0'Z 

3.6*3  X  10-* 

5.  78/  x  io"* 

1 

l.  062  x  105 

Pounds  per  mil  foot* 

3.405  x  I0'7 

J.  405  x  10't0 

5.  456  x  10'9 

9.  425  x  1C'6 

•• 

*  Unit  cf  volume  i«  a  volume  o.ie  loot  long  end  one  circular  mil  in  cross-section  urea. 


SSUED  NOVEMBER  19W 
SUPERSEDES:  MAY  1964 


A.2-6 


CONVERSION  FACTORS  APPENDIX  A 

FORCE,  PRESSURE 


A.2.12  Force  (MLt->)  or  (F) 


Mr*' 

OMiR  XSN 

Ir 

Dyaaa 

Qrrsma 

Jo?  lea 
par  cm 

Joules 
per  mater 

v  . 

KDcr. 

HUM 

Pound1* 

Poondak 

Ityum 

1 

900.7 

i* 

10» 

4.907 

x.o. 

4.440 

XI* 

1.505 

XI* 

Gnun* 

1.029 

X 10’* 

1 

1.920 

XI* 

102.0 

loot 

455  * 

14.  10 

Jouka  par  err, 

IS'* 

V.  007 
X10-« 

1 

.01 

9. 007 

X10-4 

4.<« 

xio-* 

I.5R5 

xio-» 

Nevtotn  or  jtnl« 
per  motor 

10-4 

9.M7 

X  I0-* 

100 

I 

9. 107 

4.441 

0.1505 

Kilo<r»ma 

1  •» 
Xlf* 

0.001 

70.20 

0. 1029 

1 

0. I55t 

;.4io 

xi®-* 

IM 

2.240 

:<io« 

2.201 

xio-* 

22.40 

0.2240 

2.205 

1 

3.100 

xio-» 

!  tuadaJa 

7.2M 

VI0-* 

7.095 

xio-« 

775.5 

7.255 

70.95 

52.17 

1 

'CoavorKn  forton.  M«f»  tUoliU  and  RrmriUtiaul  unit*  .pptjr  cttf  utdr  u»lvd 
moimMuHbm  4m  l.  pw4r  WMrfiKn—. 


A.2.13  Pressure  or  Force  per  Unit  Area 
(ML-1  t*)  or  (l*L-*) 

tu*tap*y  -a- 

|  f-*  Vtun  >S,V 

Atmos  - 
pharos  01 

Paryes  or 
dytMC  per 
square  era  - 
Unwar  (2) 

Centime  tors  Inches 
of  n-ercury  of  m*rc*-'y 

at  0°C  (B)  0°C  (il 

Inches  of 
••ter  at 
4°C 

Kilog  rams 
par  squa.'e 
meter  (4) 

Pounds  per 
aquaro  foot 

Pounds  per 
square  inch 

Tons 

(short)  per 
square  loot 

Newtons 
per  square 
meter 

Torr  or 
millimeters 
of  mercury 

Mic  ron 

Atmoonh*:.  %  (t ) 

: 

♦■HI 

x 

1  SU2 
n  10*2 

3.  142, 
v  ir 

2.44* 
a  IO’3 

4.678 
n  10“' 

4.725 
x  10“4 

6. 804 
x  10-2 

0.  9450 

4.864 
x  1Q“6 

1.  3<6 
x  10'* 

1.  316 
x  I0'6 

r.«r~»o  or  4tN  »  per 
•quam  centime,  r  ;i| 

V,7 

1 

*•*7 

K  SO4 

3*6 

«  io4 

2.441 
«  10“* 

•m.  07 

478.8 

6.895 
x  104 

9.576 
x  10' 

10 

1331 

1.333 

r*i/imowrt  d  m.  i- 
cury  at  0dC  |*| 

7u,00 

7.  Vlt 
a  10*' 

1 

2.  440 

o. tstt 

7.  356 
x  !0“* 

3.  591 
x  10“* 

5.171 

71.83 

7.501 
x  IO'4 

0.  1 

10*4 

Inches  of  mercury 

ot  0'*C 

i\  +z 

0.  1917 

7.  354 
a  t0'2 

2.  846 
x  10*  3 

1.414 
x  lO-^ 

■  2. C36 

ZZ.  ?• 

2.  953 
x  I0'4 

3.  937 
x  I0'2 

3.937 
x  10*' 

ItkWo  of  »«t*r  at 

4H. 

*<*>.  n 

4.  31  5 
a  I0'4 

B.  144 

M.40 

1 

0.  1 922 

27.68 

384.  5 

-t.014 
x  oft'3 

0,4t54 

5.  354 
x  »0’4 

Kiloqrams  par  square 
mrVr  ?4| 

i.  on 

x  »04 

t.  o:o 

a  <0*2 

136.0 

o45.  3 

25.40 

« 

4.  *82 

703.  1 

9765 

0.  1020 

13.60 

1.360,  , 
x  10'2 

pMiitdo  per  square 

*04  »« 

21U 

2.oa» 

X  10'* 

27.  8* 

7p.  Tl 

4.  202 

0.204* 

1 

144 

2000 

2.089 
x  10*2 

2.  765 

2.78* 
x  10'* 

Pounds  per  square 
irrc  h 

M.  70 

1.4S0 
*  10“' 

0.  1«B4 

0.4*12 

*•*'*, 
x  I0’4 

1.42i 
x  JO*"3 

6.  944 
x  I0“* 

1 

11.84 

1.450 

X  IO'4 

1.934 
x  10*2 

l.«U 
x  It  5 

Ton*  (short)  per 
square  'ool 

1.  058 

1 .  C44 

1  10** 

>  to-* 

3.  SJ6 
x  10“2 

mm 

1.024 
x  10“4 

0.  0005 

0. 0720 

1 

1.  044 
x  10-' 

1.342 
x  10*  3 

l,  392 
r.  10‘6 

Newtons  per  sqtar* 

9  .rier 

t.  01  1 
n  to' 

IO'1 

i.m 
>  ia* 

3.  '«}> 

*  10* 

2.4*1 
\  10*4 

4.  *07 

47.88 

6.89S 
x  10* 

9.  576 
x  2  O'1 

1 

133.  3 

0.  1333 

740 

T.AOl 
a  1C*4 

10 

24.  40 

1.868 

7.  356 
x  10*2 

0.  3491 

5I.7| 

718.  3 

7.  501 
x  IG“' 

1 

10“* 

Mic  ro~> 

7-n 

x  to 

.  0.  T40t 

to4 

2.  540 
*  1C-4 

1868 

7  3.54. 

354.  I 

5.  O! 
x  io4 

7.  183 
x  105 

7.  501 

1000 

1 

(tl  Orfimtiwi:  Ore 

atmospnrr* 

Standard)  76  cm  of  me  retry  or  760  mm  M  mercury 

at  «°C. 

U'  V*wliw»filW#b4r.  Hw»r*.  H,  mltnuliml  *|wi»wm,  t  bap  ■  0.  *IMI  »tr,-\«*j>h.?-  (r..  r.f.  2R..I), 
Ml  To  Kr»|M  h  of  a  colu«im  mI  rrw rcury  i(  t  >V|i>r«i  OM«|r»d»  to  (hr  « ^ntrnt  height  ^  il  ">  C  vi* 

*0  5  {•  -  }  "»here  m  »  0.  0901413  and  I  »  11.4  r.  10"6  if  the  icilr  it  engraved  on  brats;  I  •  A.  5  *  !0*fc 

it  on  (la««.  This  ••*!!!•<  tne  scale  »e  correct  at  0  C;  l*r  other  case*  (any  liquid)  see  Interna1" tonal  Critical 

TiMf»,  Vol  t.  a*. 

141  1  <t*">  p^r  «q  cm  t0  Vtlog rimi  per  *q  m. 


A.2-7 


ISSUED:  NOVEMBER  1968 
SUPERSEDES:  MARCH  1961 


APWNOIX  \ 


OOMVUfMM  MCfORS 
,  H$AT— OQNOUCfIVfW 


A.2.14  tiMCfjr,  Work,  and  Httk  (ML*  H)  «r  (fL) 


<\T 

•r^ 

l 

0 

1, 

i1 

| 

1 

} 

j 

SB 

i 

».JW 

XMM 

rm 

xtr* 

IX 

x*-« 

2SM 

El 

Mtf 

MS 

o.anr 

xir* 

S.41S 

1JM 

x» 

■ 

I.M 

XH)*d 

no 

xir 

17V 

xn* 

im 

X*» 

4. MO 

XM» 

s.ort 

XM» 

MO 

J.471 

XMO 

■XT""- 

IMS 

xm 

KB 

II 

I.SH 

xw 

'M 

x»» 

H 

4  IM 

XW» 

■Tl 

nri 

EJ 

IW0— a 

ms 

MU 

XIM 

no 

XI*-* 

■ 

t.N 

xn* 

i.m 

g| 

a  ms 

xwr 

MU 

B 

rri 

MM 

)72J 

xx~*» 

u 

3722 

X»'» 

1.M0 

Xlt-0 

I.M 

SOSS 

xtr* 

I.M 

xio-* 

MhUmO- 

KM.I 

_ 

in 

xt*~* 

H 

I.SM 

|T*| 

■ 

MU 

■ma 

H 

gj 

n*m  nMml 

MO 

x»t** 

1W 

XI0-K 

MW 

X*~* 

Ml  .3 

am 

xwr« 

■ 

9 

ism 

xir* 

B 

IWO^-a 

I.VN 

X*"* 

3.1*4 

xi*-“ 

am 

xo-» 

IN 

xi»-» 

#.H» 

am 

xw 

IMS 

Xir* 

B 

1734 

xi*-* 

B 

Wf.4  j 

»-« 

5.MI 

XWr* 

0.13*3 

S7W 

xm 

0.  MM 

ms 
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A.2.18  TEMPERATURE 

°F  °C  °F  °C  °F  eC 


Figure  A.2.18.  Temperature  Conversion  Chart. 
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A.2.18.1  TEMPERATURE  CONVERSION,  C  TO  F* 
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1 27*5.6 

1282  2 

1287.7 

1293.3 

1 2' '8.3 

1304.4 

1310.0 

2400 

1315.5 

1321.1 

1326.6 

1332.2 

1337.7 

1343.3 

1348.8 

1354.4 

1360.0 

13(55.5 

2500 

1371.1 

1 376.6 

1382.2 

1387.7 

1 393.3 

1398.3 

1  504.4 

1410.0 

1415.5 

1  «£l.l 

2600 

1  126.6 

1 4.32.2 

1437.7 

1443.3 

1  148.8 

1474,4 

1460.0 

1 46.7.5 

1471.1 

1476.6 

2700 

1482.2 

1 4)  7.7 

1493.3 

1498.8 

1704.4 

1510.0 

1  •’>  1 .7.5 

'.721.1 

1526.(5 

1532.2 

2300 

l.*27.7 

154.3.3 

1 548.8 

155  1.4 

1.760.0 

1 .76.7,  .7 

1.771.1 

1576.fi 

1582.2 

1587.7 

2000 

1593.3 

1598.8 

1604.4 

1610.0 

161.7.5 

1621.1 

1626  6 

11.32.2 

1637.7 

1643.3 

MOO 

1648.7. 

1654.4 

1660.0 

1 63.7. .5 

1671.1 

1 67 6,6 

1682.2 

1687. 7 

1693.3 

1(598.3 

3  i  tiO 

1704. 1 

1710.0 

1715.5 

1721.1 

1726.6 

1782.2 

1737.7 

1746.3 

1718.8 

1"„4.4 

3300 

17  *0.0 

1765. .5 

1771.1 

1776.6 

1782.2 

1787.7 

1793.3 

1798.8 

1809  4 

1810.0 

3300 

181  VO 

1821  i 

1826.6 

1882.2 

1837.7 

1843.3 

1848.8 

1854.4 

1865,0 

1865.5 

3  100 

1871.1 

1 87  6.6 

1882.2 

1887.7 

1893.3 

1898.8 

1904.4 

1910.0 

1915.5 

1921.1 

V 

0 

10 

20 

.30 

to 

50 

60 

70 

80 

90 

Absolute  scales: 


Tf  (  Rankine)  w  (  Fahrenheit)  +  459.69 
T  I  K'elvii*) 


t,  ( °CentrifcraJe)  +273.16 


CONVERSION  FACTORS 
TEMPERATURE 


I 

F 

0 

10 

20 

30 

40 

50 

60 

70 

80 

90 

1 

3500 

1926.6 

1932.2 

1937.7 

1013.8 

1948.8 

1954.4 

1960.0 

1965.5 

1971.1 

1976.6 

1 

3600 

1982.2 

1987.7 

1993.3 

1998.8 

2004.4 

2010.0 

2015.5 

2021.1 

2026.6 

2032.2 

I 

3700 

2037.7 

2043.3 

20-18.8 

2054.4 

2060.0 

2065.5 

2071.) 

2076.6 

2082.2 

2087.7 

3800 

2093.3 

2098.8 

2104.4 

2110.0 

2115.5 

2121.1 

2126.6 

2132.2 

2137.7 

2143.3 

|~90 

3900 

2148.8 

2154.4 

2160.0 

2165.5 

2171.1 

2176.6 

2182.2 

2187.7 

2193.3 

2198.8 

p*  234.4 

4000 

2204.4 

22100 

2215.5 

2221.1 

2226.6 

2232.2 

2237.7 

2243.3 

3248.8 

2254.1 

F 

c 

*-178.% 

4100 

2260.0 

2266.5 

2271.1 

2276.6 

2282.2 

2287.7 

2293.3 

2298.8 

2304.4 

2310.0 

-123.8 

4200 

2315.5 

2321.1 

2326.6 

2332.2 

2337.7 

2343.3 

2348.8 

2354.4 

2360.0 

2365.5 

1 

0.5 

—67.7 

4300 

2S71.1 

2376.6 

2382.2 

2387.7 

2393.3 

2398.8 

2404.4 

2410.0 

2415.5 

2V21.1 

2 

l.l 

4400 

2426.6 

2432.2 

2437.7 

2443.3 

2448.8 

2454.4 

2460.0 

2465  5 

2471.1 

2476.6 

3 

1 .6 

90 

F 

c 

4 

2.2 

32.2 

4600 

2482.2 

2487.7 

2493.3 

2498.8 

2504.4 

2 :  lo.o 

2515.5 

2521.1 

2526.6 

2532.2 

1  87.7 

1 

0.5 

4600 

2537.7 

2.'  43.3 

2548.8 

2554.4 

2560.0 

2565.5 

2571.1 

2576.6 

2582.2 

2587.7 

r, 

2.7 

143.3 

2 

1.1 

4700 

2593.3 

2598  8 

2604.4 

2610.0 

2615.5 

2621.1 

2626.6 

2632.2 

2637.  T 

2643.3 

6 

3.3 

198.8 

3 

1.6 

4800 

2648.8 

2654.4 

2660.0 

2665.5 

2671.x 

2676.6 

2682.2 

2687.7 

2693.3 

2698.8 

7 

5.8 

264.4 

4 

2.2 

*900 

2704.4 

2710.0 

2715.5 

2721.1 

2726.6 

2732.2 

2737.7 

2743.3 

2748.8 

275  .1 

8 

4.4 

310.0 

5 

2.7 

5000 

2760.0 

2765.5 

2771.1 

2776.6 

2782.2 

2787.7 

2793.3 

2798.8 

2801.4 

2810.0 

9 

5.0 

366.6 

6 

8.8 

nioo 

2815.5 

2821  1 

2826.6 

2832.2 

2837.7 

2843.3 

2818.8 

2854.4 

2360.0 

2865.5 

421.1 

rr 

3.8 

620C 

2871.1 

2876.6 

2882.2 

2887.7 

2893.3 

2898.8 

2904.4 

2910.0 

2915.5 

.921.1 

476.6 

8 

4.4 

5300 

2926.6 

2932.2 

2937.7 

2943.3 

2948.8 

2954.4 

2960.0 

2965.5 

2971.1 

2976.6 

632.2 

9 

5.0 

6400 

2982.2 

2987.7 

2993.3 

2998.8 

3004.4 

3010.0 

3015.5 

3021.1 

3026.6 

3032.2 

687.7 

6500 

3037.7 

3043.3 

3048.8 

3054.4 

3060.0 

3065.5 

3071.1 

3076.6 

3082.2 

3087.7 

643.3 

5600 

3093.3 

3098  8 

3104.4 

31x0.0 

3115.5 

3121.1 

3126.6 

3132.2 

3137,7 

3143.3 

698.8 

5700 

314\8 

3154.1 

3160.0 

3165.5 

3171.1 

3176.6 

3182.2 

3187.7 

5193.3 

3198.8 

7644 

5800 

3204.4 

3210.0 

3215.5 

3221.1 

3226.6 

3232.2 

3237.7 

3243.3 

3248.8 

5254.4 

810.0 

5900 

3260.0 

3265.5 

.3271.1 

3276.6 

3282.2 

3287.7 

3293.3 

3298.8 

3304.4 

5310.0 

!  865.6 

<*d00 

3315.5 

3321.1 

3326.6 

3332.2 

3337.7 

3343.3 

3348.8 

3354.4 

3360.0 

3365.5 

!  921.1 

6100 

3371.1 

33*6.6 

3382.2 

3387.7 

3393.3 

3398.8 

3404.4 

3410.0 

3415.5 

3421.1 

976.6 

<5200 

3426.6 

3432.2 

34-37.7 

3443.3 

3448.8 

3454.4 

3460.0 

3465.5 

3471.1 

3476.6 

1032.2 

6300 

3482.2 

3487.7 

3493.3 

3498.8 

3564.4 

3510.0 

3515.5 

3521.1 

3526.0 

3532.2 

1087.7 

6400 

3537.7 

3543.3 

3548.8 

3554.4 

3560.0 

3565.5 

3571.1 

3576.6 

3582.2 

3. >8 1 .  i 

1142.3 

6600 

3593.3 

3598.8 

3604.4 

3610.0 

3615.5 

3621  1 

3626.6 

3632.2 

3637.7 

3643.3 

1198.8 

6600 

3648.8 

3654.4 

3660.0 

3665.5 

3671.1 

3676.6 

3682.2 

3687.7 

3693.3 

3698.8 

1264.4 

6700 

3704.4 

3710.0 

3715.6 

3721.1 

372*06 

3732.2 

3737.7 

3743.3 

3748.8 

3754.4 

1810.0 

6800 

3760.0 

3765.5 

3771.1 

3776.6 

.3782.2 

378  7.7 

3793.3 

3793.8 

3804.4 

3810.0 

13S5.6 

6900 

3815.5 

3821.1 

3826.6 

3832,2 

3837.7 

3843.3 

3848.8 

3854.4 

3860.0 

3865.5 

1421.1 

7000 

3871.1 

3876.6 

3882.2 

3887.7 

3893.3 

3898.8 

3904.4 

3910.0 

3915.5 

3921.1 

1476.6 

7100 

3926.6 

3932.2 

3937.7 

3943.3 

3948.8 

395-1.4 

3960.0 

3965.5 

3971.1 

3976.6 

1582.2 

720 

3982.2 

3987.7 

3993.3 

3998.8 

4004,4 

4010.0 

4015.5 

4021.1 

4026.6 

1032.2 

1587.7 

7300 

4037.7 

4043.3 

4048.8 

4054.4 

4060.0 

4065.5 

4071.1 

4076.6 

4082.2 

-1087.7 

1643.3 

7400 

4092.3 

4098.8 

4104.4 

4110.0 

4115.5 

4121.1 

4126.6 

4132.2 

4.37,7 

1145.3 

1698.8 

7500 

4118.8 

4154.4 

4160.0 

4165.5 

4171.1 

4176.6 

4182.2 

4187.7 

4193.3 

1198.8 

1754.4 

7600 

4204.4 

4210.0 

4215.5 

4221.1 

4226.6 

4232.2 

4237.7 

4243.3 

4248.8 

125-1.4 

1810.0 

7700 

4260.0 

4265.5 

4271.1 

127  G.6 

4282.2 

4287.7 

4293.3 

4298.8 

4304.4 

4310.0 

1865.5 

7800 

43x5.5 

4321.1 

43?6.6 

4332.2 

4337.7 

4343.3 

4348.8 

43.>4.4 

4360.0 

436"  .5 

1921.1 

7900 

4371.1 

4376.6 

4382.2 

4. >87. 7 

4393.3 

4398.8 

4404.4 

44’ 0.0 

4415.5 

4421.1 

90 

F 

0 

10 

20 

30 

40 

50 

60 

70 

80 

00 

59.69 

273.16 

A.2-11 


APPENDIX  A 


CONVERSION  FACTORS 
UQUID-<r04AS 


A.2.19  UquM-OM  Convert  ion  * 


MMMlfcHMMttM  •  lauili^UMHYBFOMW ;  MIUBM 


Pounds 

Tons 

SCF 

Gas 

Gallons 

Liquid 

Cu.  Ft. 
Liquid 

Liters 

Liquid 

1  POUND 

(  Narmal-Hydregea 

<  iquilibrium-Hydiaten 
(  Helium 

1.0 

0.0005 

192.0 

192.0 

9C.71 

1.686 

1.693 

0.9593 

0.2258 

0.2263 

0.1282 

6.381 

6.409 

3.631 

1  TON 

i  Narmal-Mydregan 
i  Equilibrium-Hydrogen 

1 Helium 

2000.0 

1.0 

3',3,960. 

383,950. 

193,424. 

3,379. 

3,336. 

1,919. 

451.7 

452.7 

256.5 

12,762. 

ir.819. 

7,262. 

1  SCF  8AE 

l  Nonual-Nydrogeu 

{  Equlllbriuc-Hydroeeu 

(  Nullum 

0.005209  0.000002605 
0.005209  0.000002605 
0.01034  0.000005170 

1.0 

0.008781 

0.008820 

0.009919 

0.001176 

0.001179 

0.QC1326 

0.03288 

0.03139 

0.03755 

t  GAL. 
LIRUI9 

t  Normal-Hydrogen 
/  LquiliUrlum-Mydrogsn 
\  Helium 

0.S919 

0.5906 

1.042 

0.00029v*3 

0.0002953 

0.0005212 

113.6 

113.4 

100.8 

1.0 

0.133680 

3.78533 

1  CU.  FT. 
LIQUID 

(  Hermal-ttyOrogen 
<  Equilibrium-Nydrtgtu 
(  Helium 

4.428 

4.418 

7.798 

0.002214 

0.002209 

0.003899 

850.1 

843.2 

754.2 

7.48052 

1.0 

28.3162 

t  LITER 
LIQUIB 

( Normal-HydrogM 

J  tqeit'br  ium-Hydnfen 
( Helium 

0.1564 

0.1560 

0.2754 

0.00007819 

0.00007801 

0.0001377 

30.02 

29.99 

26.63 

0.2641/8 

0.0353154 

1.0 

Liquid  quantities  retar  to  conditions  at  14.5960  psia  pressure  and  the  following  temperatures 
Normal-Hydrogent  20.39°K  or  —  423.0*F  [75%  orthohydrogen,  25%  parahydrogan  (gas)] 

Equilibrium  Hydrogen:  20.27’K  or  — 423.2*F  [0.21%  orthohyarogen,  99.79%  paraliydrogen  (liquid)] 
Helium:  4.216°K  or  — 452.IT  •  SCF  Gas  meas.  at  708F  ®  14  6P60  psia 

Ail  values  are  consistent  with  standards  adopted  by  the  Compressed  Gas  Association  on  June  19,  l»n2 


CA8K0N  DIOXIDE 

SCF 

Gallons 

Cu.  Ft. 

Liters 

Su.  Ft. 

Pounds 

Tons 

Gas 

Liquid 

Liquid 

Liquid 

Solid 

1  Pawn. 

1.0 

0.0005 

8.7291 

0.1181 

0.01578 

0.4470 

0.01025 

:  Tan 

2000.0 

i.O 

17,458. 

236.1 

31.57 

894.05 

20.5 

1  SCF  Gas 

01146 

0.0000573 

1.0 

C.01353 

C.001809 

0.05123 

0.001175 

1  Gal.  Liquid 

4.469 

0.004235 

73.93 

1.0 

0.133680 

3.78533 

0.U8681 

1  Cu.  Ft.  Liquid 

65.36 

0.03168 

553.1 

7.48052 

1.0 

28.3162 

0.6494 

1  Liter  Liquid 

2.237 

0.0011185 

19.53 

0.264178 

0.0353154 

1.0 

0.02293 

1  Cu.  Ft.  Sal! ' 

97.56 

0  04878 

851.6 

11.52 

1.540 

43.61 

1.0 

SCF  Gas  measured  at  70°F.  and  14.7  psi». 

Liquid  CO,  measured  at  l.7°F.  and  314.7  psia. 

Solid  COi  measured  at  normal  sublimation  temperature  of  — 10?  4'  F 


*  Tables  A.2.19  and  A.2.20  art  reprinted  by  courtesy  of 
Air  Reduction  Pacuic  Company,  Vernon,  California. 
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A.2-12 


CCNVtMtOM  FACTORS 
UQUIO-T04AS,  WATER  CONTENT 


APPENDIX  A 


aim » nitioqm » Alton 


Gallons 

Founds 

Tons 

SCF  Gas 

L'quid  l 

Cu.  Ft.  Liquid 

Liters  Liquid 

Oiygaa 

1 

12.08 

0.1050 

0.01403 

0.3973 

i  Mima 

Nitrafsa 

10 

0.0005 

13.80 

0.1461 

0.01982 

0.5612 

Arfsa 

9,671 

0.08600 

0.01150 

0.3253 

teiN 

24,160. 

209.9 

26.06 

794.6 

1  TON 

Nitrsgaa 

2000.0 

1.0 

27,605. 

296.5 

39.64 

1,122.3 

Argsa 

19,342. 

172.0 

22.99 

651.1 

Qsygaa 

0.08281 

0.00004141 

0.008691 

0.001162 

0.03290 

t  icr  ut  | 

Nitrtfsa 

0.07245 

0.00003623 

1.0 

0.01074 

0.001436 

0.04066 

At«m 

0.1034 

0.00005170 

0.006693 

0.001189 

0.03366 

.  OQIN 

9.527 

0,004764 

115.1 

1  0AL.  lltllli 

Nitragaa 

6.745 

0.003373 

93.11 

1.0 

0.133660 

3.78533 

[  Argsa 

11.63 

0.005814 

112.5 

Osyfta 

71.27 

0.03564 

860.6 

1  tli.  FT.  LIQUID 

Nitrsgaa 

50.46 

0.02523 

696.5 

7.46052 

1.0 

28.J162 

[  Argan 

80.98 

0.04349 

841.2 

Criygaa 

2  517 

0.001259 

30.38 

1  LtTIN  LIQUID  ! 

Nitragaa 

1.782 

0.0008913 

24.60 

0.264176 

0.0355154 

1.0 

A’gaa 

3.072 

0.001533 

29.71 

Liquid  quantities  rafar  to  conditions  at  14.j960  psia  prassura  and  tha  following  tamparaturas: 

Oxygen:  90.19  K  or  — 29>.33'F  •  Nitrogan  77.395  K  or  — 320.36'F  •  Argon; -87.29°K  or  — 302.55°F 
SCF  Gas  measured  at  70F  @  14.6960  psia 

All  vaiuas  ara  consistant  with  standards  adopted  by  tha  Comprassad  Gas  Association  on  Juna  19,  1962 


A.2.20  Water  Content  in  Gosm 


MOISTURK  COWTtNT  IN  UUI 
T  VKMUS  ppm 


oew  POINT 


■  P 


BP. 


I  S.P. 


CONVERSION  TASL1  FOR  MOISTURK  CONTKNT  IN  OASES 


1*1  Standard  Tamparatura  and  Praiiura) 

Ta  eawNrt  "S"  M  "A"  "i"  Ta  Caaraat  "a"tf'B" 

Mnmpty  Syr  Mattip«y  by: 

10*  PPM  I V/V)  aelum#  %  10  « 


(MW  Mia  10* 

araigM  % 

il  >  MWi  a  10  1 

- . 

MW/ 11 

PPM  iW  W)(l(  MW) 

] 

10* 

Ml  liter 

10  J 

_ ] 

12S  a  10* 

Mg  htar 

a  04  a  10  * 

_ ] 

15.4 

Ml  cu  lt 

2 (3  a  10  > 

OS 

*• 

Mg/cu.tt. 

2  24  a  10  1 

:  at  a  is* 

" 

Crtina/ 

cult. 

1  SO  a  10-4 

‘ 

i  MW/ 1.1)  a  10* 

** 

Mg  'gram 

(1  1  MW)  a  101 

(MW/S.l)  a  10* 

** 

Cram/ 

— 

pound 

(8  2  MW)  a  10-> 

_ 

(MW  US)  a  10* 

Grain/ 

pound 

(1  26  MW  r  10  * 

iMW  l.a)  a  10* 

Pound/ 

Pound 

(I  S  MW)  a  10-1 

20 

'* 

Pound/ 

— 

MMCF 

5  x  10  t 

— 

Not*  MW  Moi*Cul«;  W*i|M 

ot  tha  yai 

inuolvad. 

— 

PPM  (V  Vi 

Parti  Par  Million  on  a  volume  bam 

r  PM  (W  Wi 

-  Parti  Par  Million  on  a  waight  bam 

— 

TABU  or  MOUCUiM  WIISNTS 

— 

Acatylana 

24  034 

N*on 

20.141 

Argon 

39  944 

Nitrogan  21.014 

Carbon  Diaaida 

44  01 

Nitrcui 

Oxidt  44  02 

Hal. urn 

4  0C’ 

Oxygan 

32  000 

— 

H»diofan 

2  014 

lanon 

131.3 

— 

Krypton 

43  70 

— 

MW  -  Moiatuior  wa.ght  ol  tha  faa  nvolvad. 
prv  iv  'Vi  -  Parti  Par  Million  on  a  votuna  ham 
PPM  iW  W'  -  Parti  Par  Million  on  a  aralght  0.».t 


130-F 

120 

110 

105 

104 

103 

102 

101 

ICO 

99 

98 

97 

96 

95 

94 

93 

92 

91 

90 

89 

88 

87 

86 

83 

84 
63 
82 
81 
80 
79 
78 
77 
76 
75 
74 


0.1 

0.25 

0.63 

1.00 

1.08 

1.18 

1.29 

1.40 

1.53 
1.66 
1.81 
1.96 

2.15 
2.35 

2.54 
2.76 
3.0C 
3.28 
3.53 
3.84 

4.15 
4.50 
4.78 

5.3 

5.7 
62 
66 
7.2 

7.8 

8.4 
9.1 

9.8 
10.5 
11.4 
12.3 


— 73*F 

13.3 

— 72 

J4.3 

— 71 

15.4 

-70 

16.6 

-69 

17.9 

-68 

19.2 

—67 

20.6 

-66 

22.1 

— 65 

236 

— 64 

25.6 

— 63 

27.5 

-62 

29.4 

-61 

31.7 

-60 

54.0 

-59 

36.5 

—58 

39.0 

-57 

41.8 

—56 

44. G 

—55 

480 

—54 

51 

-  53 

55 

-52 

59 

—51 

62 

— 50 

67 

—49 

72 

—48 

76 

—47 

82 

—46 

87 

— 15 

92 

— 44 

98 

— 43 

105 

— 42 

113 

—41 

119 

—«0 

128 

-39 

136 

— 3«*F 
— 37 
— 36 
— 35 
-34 
—33 
—32 
—31 
—30 
-29 
— 28 
— 27 
-26 
-25 
-24 
-23 
-22 
-21 
—20 
-19 
-18 
-17 
-16 
-15 
-14 
—13 
-12 
-11 
-10 

—  9 

-  8 

—  7 

-  6 

-  5 

-  4 


n 

14 

15 

16 

17 

18 
19 
21 
22 
23 

25 

26 
28 
30 

r 

33 

35 

37 

40 

42 

44 

47 

50 

53 

56 

59 

63 

66 

70 

74 

78 

42 

87 

92 

97 

102 
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LEAKAGE  FLOW  CONVERSIONS 
VOLUMETRIC  FLOW  CONVERSIONS 


A.2.21  Leakage  Flow  (Min-  )  or  (FLt-1) 


(Note:  Tht*  icakafr  flow  i*  t.<  preaaure  x  volume/ time  unit*. 

For  Standard  Volumetric  i-o»kact  (SCIM.  etc.)  uae  Vable  A.  2.  22). 


Multiply 

1  V 

|  To  Obtain 

Atm  ft*  per  mtn 

Atm  cc  per  *ec 

Atm  in*  per  mm 

Micron  ft3 
per  hr 
(mill) 

Micron  liter 
per  *ec 
(Luaec) 

Tort  liter 
per  arc 

Atm  It*’  per  lnin 

i. 

2.  I'O  x  IO'3 

5.  79  x  10~A 

2.  19  x  I0'S 

2.  79  x  10"° 

Atm  cc  per  sec 

4.  72  x  102 

1. 

0.  27  3 

1. 04  x  10'5 

i. :2  x  io'3 

l.  32 

Atm  in3  per  man 

1723 

3.  66 

1. 

...  78  x  10'5 

4.80  x  .0'3 

4.80  X  10‘fc 

Mic  ron  ft'  pe  r  hr 
(mfh) 

4.  56  x  10’ 

9.  67  s  1 04 

2.64  x  10* 

1. 

127 

0.  127 

Micron  liter 
;>ev  ver  (Luaec) 

3, 51 x  105 

760 

208 

7.87  x  I0'3 

t. 

10'3 

Torr  li^er 
per  »ec 

i  59  x  103 

.760 

4.  08  x  I05 

7.87 

1000 

1. 

A.2.2 2  Volumetric  Flow  Rate  (L5t-') 


Multiply  ^ 

i  6> 

fToObuin  X 

Cubic 

Feet 

per 

Second 

fSCFS) 

Cubic 

Feet 

per 

Minute 

(SCFM) 

Cubic 

Feet 

<*r 

Houi 

(SCFH) 

Cubic 
Inc  he  * 
per 
Second 
fSCIS) 

Cubic 

Centimeter* 

per 

Second 

(SCCS) 

Cubic 

Inches  Li'err 

pe  r  pt*  r 

Minute  M*n  ite 

(SCIM)  (LP.VI) 

u.s. 

Gallon* 

per 

Minute 

(CPM) 

Imperial 

Callon* 

per 

Minute 

IIGPM) 

Cutic  feet 
per  Sec. and 
'SCF5) 

t. 0166? 

2.  ?7«  x  10" 

4  5.  787  x  10'  *  3.  531  x  lj'S 

9.  64  X  10-6  5.  886  x  IO'4 

2.  228  x  I0'3 

2.674  x  I0'3 

Cubic  Feet 
per  Minute 
(SCFM) 

60. 

1. 

0.  OftW 

0.  GJ472 

i.  :i9  x  io'3 

5.  79  x  IO'4  0.  03531 

0.  1337 

0.  1605 

Cubic  T  ei  t 
per  Ho  Jr 

(SCFH) 

3600. 

i-o. 

1. 

?.  083 

0.  1271 

0.03472  2.  119 

8.  021 

9.  632 

Cubic  Tnchea 
per  Second 
fSCIS) 

17*8. 

28.80 

0.4800 

1. 

0.  06107 

0.01667  1.0:71 

3.  840 

4.  624 

Cubic  Cent  meter* 
per  Second  (1) 

(5CCS) 

28, 31". 

471.  9 

1.866 

16. 337 

1. 

0.  Z"  3  16.667 

63.  08 

75.  77 

Cubic  \nche* 
p*r  Minute 

J  SC  1  j» ; ) 

103,  6b0. 

1728. 

28.  80 

•s 

3.667 

1.  61.02 

2  31.0 

277.  8 

Liter* 
per  Minute 
(I.PM) 

1699. 

28.  32 

0.4720 

0.  9E12 

0.  0600 

0.  0«64 

3.  785 

4.  446 

U.S.  Cvllon* 
tfci  Minute 
(d\M; 

448.8 

7.  4805 

9.  1 247 

0.  25c7 

0.  01  $85 

4.  33  x  10'3  0.2542 

i. 

l .  2009 

Imperial  Gallon* 
per  Minute 
fIGPM) 

373.74 

6.  229 

0.  *,C3d 

0.2163 

0.  0132C 

3, 405  x  1 0'3  n.  21973 

L  8  >27 

1 . 

(1)  To  conve 

r.  “c  per  »ec 

t.  cc  per  ncur. 

day,  rmnth, 

year,  rtc. , 

apply  l*me  convention  from  able  A. 5 

ISSUED:  FEBRUARY  '970 
SUPERSEDES:  MARCH  1967 
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A. 2. 23  Permeability  (L^F’Vh  (Volume- 
Thick  nets/  Area-Time-  APressuia) 

RffwitK*  1  f>  2  12  i"Pirir‘'«l)ihl)  Data  for  Aerospace 
Application*,'  Illinois  liiktitutc  of  Technology  llcscurch 
Inst, tut*.  Chimgu.  Contract  No  NAS7  .IHM,  IITKl  Project 
CW070,  March  present*  a  Useful  •'ompiiatioi.  of 

permeability  data  and  arbitrarily  adopt*  the  following  unit 
system  as  a  “standard" 

l  m|  n  (S  I  P.)  nji  \  nlttinr  l  ltirktn--- 

*  tit’  >i  i  II, it  \ri  a  rilin'  AITomiii- 


standard  temperature  and  pressure  per  squtre  centimeter  of 
area  per  second  per  Bar  Ap  per  cent  ur  eter  thickness  of 
membrane.  The  abbreviation  see  is  'uaotl  mrcc  (8.1'. P. ). 

This  unit  system  is  comprised  solely  of  eg*  units.  Any  of 
the  xyxtrma  in  use  could  have  been  used  as  a  standard. 
However,  this  system  wit*  selected  because  it  is  self 
consistent. 

Table  A. 2. 211  presents  conversion  factors  to  other  unit 
systems.  Some  unit  systems  are  not  convertible,  e.g.,  metal 
permeability  is  frequently  reported  in  units  inversely 
proportional  to  the  square  root  of  the  A -pressure.  These 


i*  volume  of  perntcoot 

in  cuoic  centimeters  at 

systems  art*  listed 
Convertible.  * 

in  Ihe  table,  with  the  comment 

TsfcW  A.m 

11. lit*  System 

Multiplication  Factor 
for  Converting 
to  "Standard"  Units 

Units  System 

Multiplication  Factor 
for  Con*'crting 
to  "Standard"  Units 

see  cm 

*7  Aik  1  w  1 1  k  1 

sec  mm 

Not  convertible 

nti^  iM*t*  cm  Ha 

t  dll  1  X  III 

cm*  hr  atm' 1  2 

i»CC  Hill 

7  .  run  *  to2 

see  mm 

Not  convertible 

*1 

cm*  sec  mm  lie 

dll'*  min  ulm^2 

_ .Mat  jam _ 

cm*  sec  cm  Mg 

7.  mu 

sec  mil 

_  n  so  .  i  a‘^ 

w.ws.  -  »  - 

100  in.  d.iy  I7.a  pm 

sec  mm 

1  112  *  It)  10 

me  mil 

Not  convertible 

- "si - 

m“  day  at  in 

a 

in  "  day  aim 

to  r>  ft  1  mil 

t  '27.i  x  10  H 

mg  mil 

Not  convertible 

mm  il“  ii tin 

a 

in."  hr  atm 

m'V  mm 

cm*  -cc  atm 

tl.St>t»2  x  10  “ 

me  mil 

in  *  hr 

Not  convertible 

•cc  mil 

t  107  x  in  ’ 1 

see  mil 

_  n  ana  v  m'H 

100  in  ”  day  .iim 

100  day  1 7.7  pni 

«t  cm 

O.Sf.02  X  It.  1 

mu 

Not  convertible 

» 

cin“  >cc  Uni 

•) 

cm“  Or 

m  c  nnj^ _ 

2  i)()|  x  10* 

mi* 

Pftnti(*f  1  iKIll 

cm- •!.»>  itm 

m .“  hr 

tsv-'i  ni'ivv  ft  miv 

svrnnl _ 

I.OlM  x  10 

see  mil 

•i.OOl  x  to  12 

’*  ■’ 
m  “  hr  In  in 

.) 

m  *  di.y  atm 

liln  iiim__ 

7  :>oi  x  to 1 

gm  mil 

Not  convertible 

nn“  >»*".  mm  Ml* 

•> 

100  in.“  day  aim 

sec  mm 

•T  - - 

cm ~  hi  .iiir 

2  7  M  \  1 0  r> 

see 

- T 

hr  in.- 

Not  convertible 

hit  mm 

Not  convertible 

lb  *"»i 

Nn;  convertible 

■*  ~ p> 

t  in  see  .it m 

500  in."  day  atm 

lb 

in  “  hr  p*  i 

Not  convert  ibl  • 

_ see  mil _ 

•>  t  /■> 

tin*  sec  atm 

Not  convertible 

1  b_ 

*'» 

■  u  'nr 

Not  convert ihle 

sec  mil 

•>  *  rpr 

cni"  hr  atm 

Not  convertible 
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VOLUME  and  C.G.  EQUATIONS 


A.3  VOLUME  AND  CENTER  OF  GRAVITY 
EQUATIONS* 


VOLUME  equation*  are  included  for  all  cases.  <Vhere 
the  equation  for  the  CO  (center  of  gravity)  is  not 
given,  you  can  easily  obtain  it  by  looking  up  the  volume 
and  CG  equations  for  portions  of  the  shape  and  then 
combining  values.  For  example,  for  the  shape  above,  use 
the  equations  for  a  cylinder,  Fig  1,  and  a  truncated  cylin¬ 
der,  Fig  10  (subscripts  C  and  T,  respectively,  in  the 


CYLINDERS 

1.  .Cylinder 


2. .  Half  cylinder 


•Volume  «nd  C.  G.  EQuution*  it,  reprinted  with  t>rrvnl««.-ux  .'rum  , Yodurl 
CifiMimt.  March  IK,  IMG.  E  '.V .  Jcnkim.  Copyright  1881  by  McGraw- 
Hill  Fublluhlng  Company,  Ir.c 


equations  below).  Hence  taking  momenta 
„  KcBc4  Vr(Br  +  Lc) 

— rr+Vf — 


( i  n'L‘)('?)+ 

j  D'Lc  4  J-  D'Lr 


B. 


Lc' +  Lr  Lr  + 


2Lc  +  Lr 


In  tbs  equaii  ■>»  to  follow,  angle  0  can  be  either  in 
degress  or  in  radiant.  Thus  •  (red)  =  *4/ ISO  (deg)  :: 
0.01 745  0  (deg).  For  exemple,  if  #  a  30  dcfc  i  Case  3, 
then  sin  0  —  0.3  end 


B  3  v30)  (0.01746)  0  837R 

Symbols  used  ere:  I  s  distance  from  CG  to  reference 
plane.  V  =  volume,  D  and  d  as  diemete,',  R  and  r  is 
radius,  H  —  height,  L  a  length. — Nkholtu  F  Chiron  is 


3.  .  Sector  of  ryUMrr 


V 


V 

B 


™  0.5  L  [KS-C  ,K  -  Hi] 

ss  *K  !»m:l  H 
6« ‘  1  sin  21 


V  vji  2R9 

H  ~R{  \  os  4) 
C  —  2R  sin  9 


ISSUED:  MAY  >964 
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5  Quadraat  of  cylinder 


I.  Half  hoie *  cylinder 


7.  HokwcylMw 


V  —  (P*  -  </•) 
C*G  at  center  of  part 
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b  —  R  ( I  -  cos0) 

y  =  “[sin  9  -  -  9  cos  tf] 

.  f  9  cos-  9  5  sin  9  cos  9  ,  sin:l  9  cos  9 

L  2  K  12  + 


S,  = 


1.R 


Si 


[  I  -  cos  9  J  [sin  9  -  *'n  ■  —  -  9  cos  6 

sin  9  9  .  sin  9  cos  9 

2  ~1  g 


[  _  9  co%  9 


1 


[tin  9  —  — —  9  cos  9  J 


wfiart 


/v  * *in:i  9 

f, 


sin:l  9  cos  0 

12 


0C|*> 


VOLUME  and  C.G.  EQUATIONS 


i 


U  ktd  la  cylinder 


y  tan  9 
y  cot  9 


14.  .Carved  groove  In  cylinder 


VOLUME  and  C.G  EQUATIONS 
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IS.  ShM In cylinder 


S--2KV  unv^SL  H  _  R(!-co.#) 

V  L  f  tin  20)] 

V  L  |r/V-  0.5  [AS- C  (R-H)  ]] 


Hi  -■  Ai  (I  —co*  $i) 
V  -  l 


Hi  —  Ra(l  -  co iSj) 


i  ^[a_-  (#..  -  ^  sin  2#.)]-  [« i-  («i  -  j  sin  2 0.)]^ 
t  ([«.  V  C  (A.  //.)]-[a,S.  -  C  <K,  -  //.)]j 


^  L  ^CW  +  [a,*  (0,  -  i  sin  29, )]  - 


V-l( cm  +0.5  [A, Si  -C  (Ai  -//.)]- 

0.5  [AuSu  -  C  (Aa 


\ 


[*!  (9a  -  i  sin  0*)]^ 


v  ==  d*  - 1)  _  0.904  i/y* 


V  —  0.904 i  (D*-tP)  -  l.570$<r-(O-rf) 
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31 . .  IrtmxHwg  fM*M  tylMm 


SPHERES 


H  1 4R  -  H) 
4(3  R-  H) 

3  (2  R  -  H)- 

4  (JR  -  fl) 


11.  .SMI  of  Mtew  MahyM* 


ISSUED:  MAY  1964 


A.3-! 


V  —  +  j~)  =  4.9J4M*  (r  +  0.4244A) 

rv+Hi 

.  4A  _ L  _  0.4244Ar  4  0  1392** 

H  r  +  g|  '  +  « 


1.424  V 
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4).  .HMitaj 
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VOLUME  fnd  C.G.  EQUATIONS 


M .  Frmtmm  ut  pymaii  (wk)i  bat*  *f  mv  «k»ft) 
Aj>  *  ^ 


y  1.  M  ( /4 1  +  s'TiAt  +  <4a' 

B  ■  H  (Mi  +  2  \  Ti>~  ±i£»l 
4  Mi  4  *■  Bj) 


II.  C mr 


fi™ 


k-  - 


V  *  H  (D*  +  Oi  +  J») 

|R  M  (P»  +  1M+  UF) 
4  (/>»  +Orf  +  *•) 


I)  fraMa-softo*  *  em» 


V  -  (V26ll/*l(l>r  +  l>\^\  >  rfi*)  “ 
tDja  4-  r>t*j  +  *»*>] 


44  .kVaagM 


k — .  i 


y  ^I<PL 

V  —  OBttiPL 


•  •  VHVIJ  HCWS  MHCS 


K  =  1.4674  (D-rf) 


ISSUE 0  MARCH  t*S7 
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In  |  it*  '**laa  ft**  t  1;  - 
•  a  M  ft  »•*» t  t  •  *  i  l  •  <■*  *>  i 
4  I  i  •  *n.  *  >•«  »•  •xif  ♦  1  -ta  t 


tt»n*,*i  if  V** 


I  *  i  •  aa*’ 


An  I  nt  rntlit.  |..i«  a  a  I  ( •  «n  »»•  •  a  I  n  I  «  I  '*  M  ■«  1  1  I  .»»  .  i>  ommi  I  „i  »•  I  *  ,  ai. 

•  •*»r-,aa  -t  |hf  t-ftra'lnn  t  apiat  1  •  **  I  >t  ■*  ulll  l»|  t>|«.  *1 

*  itnn  -f  inritl*  *..4  .  »«•  >  «.l«)  »•  »igi-  ‘t..-  u*r  f  at  .1 : 

fH»  4  )  1**1  lm>i  MIimIII'*  1  ‘  •  »»l  Kn.l  I  nt  |pi(  In  I  ••  Ml  I  vli  I 

la  «l  ln«  I  ml  *4  In  *Ka  t  *1'  Im 


itnl|i<l>l(t  Aala  In  •  Sa  « aan*  r 

Aa<  I  Inna  I  data  *  it  •»'»«!••  •  iM 
I  Maaa,  an  I  T  aa 

I'<un4  In  a  -mail  in  ?  I  Aiimi' 


l  Sa  natS-.l  t-'i  Itlmlm  ni  a  Aniairn- 
>  n  1 .1 A  1  *al*  III  *n>  |>ar  a  I  lr  l  it. HI 


amn  at»u.  tut  I  ati  aa  . Kan**!#, 

At  a  .a* l  <  I  *4  It*,  auaa  |  !■>«•  tit  H<>m*llt 
•m  ••  na  iha  A  Ml  a;aal  .  .*nal  »m  I  I •  *Atn.a> 


ti\  ur 


rl  l«  ant  It#  *iil>«a  1  Ion  Annan.ll*  A  «.  I.<  a  k»#i'  a. lav*  a1  llta.il*  t  *  1** 

Rata, an.  •  I1'*  ,laai|l  nt  nf  f *.•  Al^lntta  tm  H*a«  *ml  At**  PiiiftM  I*  .  of 
v«t  t<*iMA*|  t  It  *  l  1I1.  fr»t  ttAVStfs  Rar.it  'h.'1,  tr  ,'4Ia,  ■  A.  *t*aia 

I|ll1  iv,  laMa  f»  *  'Mu  .n.lat  Al*.  '*»•  '»  1  <*1  .»f  1  Sr  lil>ull'til 

Jala  M  l  a  (««  ii,»n  aJaflaJ  f  •  .•*  Ma  ij^M  Hw.l.  nul  V  I  utw-  I  *  >«  lalv  nt 


An  allnti  Itaa  l>a#n  *Aila  I  «•  lv|>ltr  tral.i|i  fnt  (Aiilntit,  ha||li| 
•ml  hot  *M*K  I  ni  at>  i»Ia»'‘  aiaaa  innat«lar*4  H.-aaaat  ,  In  ai«aa 
|n-iAn  aa,  444  It  Inna  I  noiaa-i  Ulna  1  aa  k>aan  Ittl  ti*4i.r#4  for  4aa<rlptiv* 
fUlHont  ■  ll  la  a4a  imM*  n  .afat  In  (,  a  <lli|i*  aaanrlatad  »|*h 
aa  I'll  |  la* 


I  t‘f  Inailla  Tim  ui>  1 1  |  nt  A  pUnt  ai  aa  tantiart  nt 
lA  la  In*  Tlta  unit  Im  4  w.  Igni  anaani  nt  tnatllA 
,  lit  . 


I”**  at  rl  Inal  t  la  ahmi  I  St-  a  tilt 
4i*ant  .t  I na •  I  I  a  Knut  iKr  v  AA  I  a 


tSa  1  at  I  tnl«l«l  a  ah  (a 


null*  AS  nut  IS*  .flit  toll' 
lutilla  ahn'it  th*  ,  ant  ml  J 


t  I  nr » •  l  •  In  *  It* 


*1  iv.AMnn  aSnut  tha  v  aalt 
nl  (Mill  I'll  phttul  IS*  t  •  a«  t  * 


(  nrrii'ii'  tr  as  aria 


rs*  r*nl  ml4  nf  An  A  a  a  la  rapraaant*4  Sr  a  print  trttna*  41st  am* 
tin*  an*  nil  ilMi  th#  *1*1  a l  at**  la  *41...*  |r  is#  (itji  pgnpl 
nt  ih*  at  aa  «t|IS  r*4p*rt  In  iSal  a*.  I  a 

TS*  tit  at  «M«ant  nl  an  |tM,  Milan  infat  fad  In  aa  tK*  JtAI  l<4l 
f^fnt,  la  »Sa  ••••Stair  auta  *f  tKa  aMMMnta  t»f  tSa  4tf f**4*t tat 
rAflA  1  tSa  araa ,  -ItS  tSa  |<rn4u«-'  *f  tSa  dlffaranilal  *ui  and 
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PACTOA 

|4.4 

NAS  MOM  PACTtW 

NAS  PUT*  PACT OA  H04  VAt.VINC,  UNITS 

4  *  ?  •  7  .  J 

14,4,4 

1 4  *4  *4 

1 4.4*  1 

PAHA#NH»|T  SC  All 

1.7. 1.4 

14.4.1 
14.4.1 
*  4,4*4 

PANNING  POUAtlUN 

M.M 

PANNO  PI ON 

1.7,4 

14*4*1 

14*4*4 

PASTPNPAS 

T  AA  11*1.1.14 

OPMGN  CONSIOPAAtinNS  Pna  AfUAAllllV 

11*4*4 

SPP  P  ITT  INC, S 

1*14 

PAT  iGliP 

4.11,4,4 

APU.ONS 

4*4, 7*4 

a>  Cf'Hans  1  on 

14.T.4 

14,4.1 

CONSTANT  .IMTIHP  P4T  H'.UP-STAPNGTh  rHAGAANl 

14*4.4,1 

cnaansiyp  pnviaonnpnt 

14*4,1,? 

1 1*4.4 

CMACK  INITIATION 

14. R. 1,1 

CRACK  panPAC.ATlON 

14*4.1,7 

TAA  14.4*4 

OPTIONING  TO  PiPvPNT  PPT1C.1IP  PAlUlAP 

14.4,4 

11*4.1*1 

PIAPhAAGMS 

4*  7*1,7 

PNOUAANCP  L1MM  na  AATIGUC  muiap 

14*4.4.7 

T  44  11*4.1*14 

•AC  TOPS  INPlUCNClNG  PaTIAOP 

14.4,1 

pa  f  l  to  ip  CRACK  IN  nn-%  stppl  SpPC,|M|n 

FIG  14,4,1 

P  AT  1 GUP  CAT  A  C HA A PI  AT  TON 

14.4,7 

l.M.  1 

PATH'.Up  MliUlM  PAHM  V4Atnt>%  LOADINGS 

FIG  14.4.1,7 

1  •  1* l ,  1 

PINAL  ailPTUAP 

14*4*1*3 

7  «  4  *1.  .1 

P4P0UPNCV  Of  A1.TPAN4TING  STAPSS 

14.4.3,4 

TAA  M.MA 

(.miDMAN*  GFAAfP.  SMITH,  SOUPAAPaG  D|4G4AMS 

FIG  14,4. 7A 

Loan  P VALUAT ION 

14.4.4,1 

MATPA1ALS 

14*4*4.4 

10.4,1.1 

MATPKIALS 

14*4.3.9 

nature  np  p a t i Got  PAlluap 

14.4,1 

PAPDICTINU  PAT  IGUP  I.1FI  AND  PN0U4ANCH  LIMITS 

14.4, V 

1* 1.1.1 

PAP OIC T ION  PAON  STATIC  TPNSIlP  PA0PPAT1PS 

14.R.4.3 

*0  1.1.1. tc 

PAPPPRRPn  APPROACH  TO  tiOOOMAN  OlAGAAMS 

FIG  14.S.JR 

#Q  1.7.1.1A 

RP  SONANT  P  RPOUPNC  V 

14.4.4,4 

Rl)T AT 1NG-AP AM  PAT1G0P  04TA-2074-T4  4L  ALLOY 

PIG  14.4.7C 

1.4.4 

SMAPf 

14.4,3,7 

*»1/P 

14*4*3.6 

11.1 

SPR INGS 

6. 4,7.6 

14.7.1 

STRAIN  HARDENING  STRESS  HISTORY  CUMUt.ATIVt.  OAM 

14,4,3.11 

14.7,17 

STIPSS  AHPLlTunP 

14*  4,3,6 

14, P.lO 

STRPSS  Ct  .  .  IONS 

16,4.3.10 

14.7,1 

STRPSS  CUNk.PNTRAT  I  UNS 

14.4*4.7 

14,1,1  1 

SUPFACP  FINISH 

14.4,3.4 

14,7.4 

SliRFAtf  FINISH  AND  TRFATMFNT 

14,4.4.3 

14.1.1? 

TFNPPKATURP 

14.4,3.3 

14.1.14 

typical  conmani  strfngth  uiac.rah 

FIG  14.4.J0 

14.7.9 

VACUUM  FN V | unNMP  NT 

14.4.3.1 

14,7.7. 

14.7.4 

PFPpRACK 

1  4  .  1.  14 

SPRvnVALVT  SPOOL  PUS 1T ION 

4 ,6.  R 

14.1.? 

14.  l.A 

r 1 LL  VAlVf  <Str  SMUTUfF  VAIVFSI 

14.1.14 

14,1.1 1 

P  KM  COP F F  IC  1  pNT 

7.7.7. 1 

4.1.3.. 

p  Iltfrs 

4,10 

AS  SilURCF  OF  CONTAMINATION 

10.6.7.7 

1.4.4. 1 

Rural p  point 

14. P, 4,1 

OASf  s 

4.10.4.? 

1.4.4. 1 

C.LPANING 

.0.4.1, 1 

CLOt.'.ING 

10.3.7 

10.1. T 

COMPARISON  ''(.ART 

TAB  4,10,4 

•  IP  SIGN  CO'S  1  »FRA!  1  UNS  FOR  Rc  L  1  AR  ,  L  1  T  V 

U.<  .7 

12.  1.1.14 

►  JLTRAT  104' 

4.10,3.1 

tap  w.i.i 

M»  SH  I  YPPS 

4,10.4 

SPPAM A) | ON 

4,10.3,7 

1. 1. J.T 

.PFCIMCATION  RPCnlRlMFNTS 

4.10.7.3 

T  P  S  T 1 NG 

14, R. 4 

1,4.- 

I  PAM  JNOU-UY 

4.10,7 

MH  O  INC, 

10.6*2.3 

1.4.7. 1 

MRP  POINT 

6.R.7.7 

14,1.10 

4.  7 

PITT INGS 

AN  -UARPO 

4.17.3.13 

4.1.7.  1 

ROllPO  FlANGF 

4.17,4 

4.  :.  a 

Cl  l AN  TNG 

10.6.7.4 

ISSUfcOi  FEBRUARY  1070 
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INDEX 


FITTINGS  TO 
FLUIDIC  DEVICES 


OfttltN  CONI I Of MAT  IONS  EO*  FPL  I At II I  TV 
ffU.VALfNt  CfNftM  IN  PIN  DIAMtTRAS  (UO) 
PLAAfO  fllM  UAL 
P^AAPLltl 

FOA  ELIXIRLE  MOtlt 

NC.  PITT  MGS 

Ml  PL  Aft CO 

MIlSTANCt  COM*-  1C  Ik  NT 

StPARAtf  UAL 
UMVP  UAL 


P.4.IO 
TAP  1,9,|.  1 
9.11.4.11 
*•12.3.14 

».i 3.4.3 
ft.ip.i.n 

9. IF.'. 1 1 
f An  3.9.3.? 
3,12.1.1% 
9.12.1.U 


M  04110$ 

NfttflP  VALUES 
OR  IF  If.P  VALORS 
UP  GLOSSARY  9,1ft 
TUT  PROCEDURES 
VrLUFS  EDA  VALVES 
VAPOR! 

VlSCO!|TV  CORRECT  T UN 
RLOW  F  AC  TOR*  NAS 


HANOI  $ 

AtlpMAI  V 


ASSEMBLY 

•3LT  TOR  Mil  VI  STRESS 

MOLT  torouing 

MUON  FROCIOURI 
PACINO  DETAILS 
OAIRF  > 
ring  clamp 


FLftPPIR 

A t  CHICK  VALVI  CLOSURE 


ft. 12.4 

ft.lt. ft. • 
F 10  9. 1 t.ft.l 
TAft  9. It. ft.) 
l.l'.ft.) 
9.’ I. ft. 10 
ft.lt. ft, ft 
ft.  Urn  ft.  ft 
ft.lt.ft.il 

9.1.7, l 

ft. 9, 7 


FLOW  FORCES 

POPPET  VAlVfS 

Sfr  AC.T4IAH0N  PORCIS  FOR  VARIOUS  VM.VlNG  UNITS 

srnni  VALVE s 

FLOW  L1M1TFRS 

PLOP  regulator 

COM* 1C  1  ENTS 

VARIARLF  MEAD  FLOP  EQUATIONS 
HOWMFTFA  CAL IRRAT ION 


RlAPEtR-NOlILF  >,4.7.4 

PLASH  POINT  ft.ft.t.t 

PLASHING  LIQUIDS  1.1) 

PLAT  DIAPHRAGMS  6.7. 1.1 

HAT  PLATES  1ft. 10 

LARGE  DCPLwCTlONS~C1ACOLAR  PLATES  N/..JT  HOLES  l*. 10.1 

SLOPE  FOR  CIRCULAR  PLATES  lft.i0.2 

STRESS-DEPLICTION  fLAT  CIRCULAR  PLATES  tft.lO.l.t 

STRISS-ORRIICTION  FLAT  RECTANGULAR  PLATES  lft.10.1.1 

FLAT  SPRINGS  ft.ft.3.6 


BLOWMETFRS 

C0P“3K|S0N 

inffrfntial 

MASS  FLOW  MEASUREMENT 
MOMrNTuM 

PERFORMANCE  CHARACTERISTICS 
POSITIVE  OISPLACFMENT 

thermal 

TURK INI 
TURK  INF 
ULTRASONIC 
VARIARLF  AREA 
VARIARLF  HEAD 
VFL0C1TV 


FLEXIBLE  COILED  TU3JNG 

FLEXIBLE  COUPLINGS 

AS  SOURCE  OP  CONTAMINATION 

SELECTION  CHART 

FLEXIBLE  ELEMENT  VALVING  UNITS 
SEE  P!NCN  valve  VALVING  UNITS 

FLEXIBLE  HOSES 
PRESSURE  DROP 

flexible  tube  valve 


ft. Il.o 

ft.l) 

lO.ft.t.t 

▼SR  9.11.1 


U.  1.12 


ft. IS. ft 
1.9.2. 2 


FLU  |0 

CLEANING 

CLEANLINESS  REOUl  RFMfU  TS 

OFF (NIT  ION 

HEAT  TRANSFER 

IDEAL 

IDEAL 

NEWTONIAN 

NEWTONIAN 

NON-NFWTONJAN 

PROPERTIED 

TRANSIENTS 

TYPES 


FLUID  FILM  LUBRICATION 


FLEXURES 

FLEXURE  PIVOT  EQUATIONS 


lft.  11 
TAft  lft.il 


FLOAT  GAGES 


ft. 1  ft. ft.? 


FLOW 

ACTUATION  IsrRVOVALVES) 

CHAPAC. ERISTICS  POR  CONTROL  VALVES 

CONVERSION 

CRITICAL 

EOUATIONS 

PANNO 

PLOW  TESTING 

GAS 

GAS 

LAMINAR 

LEAKAGE 

LEAKAGE 

LEAKAGE 

LINEARITY  (SERVOVALVES) 

LIQUID 

LOAD  (SERVO  VALVES) 

MOLECULAR 

MOLECULAR 

PAST  SCATS  ANO  POPPETS 

DOlf SCENT  OR  LEAKAGE  (SERVOVALVES) 

RATED  (SERVOVALVES) 

ravleigh 

THROUGH  A  GAS  PRESSURE  REGULATOR 

TI.UUwENT 

TWO-PHASE 

TWO-PHASE 

UN T FORM 


r  .3.1 

APP.A  TAR  421.22 
3.12 
3.7 
3. 7. ft 
lft. ft. 5. ft 

3. 7.  ft 

3.11.2.3 

3.11 

1.11 
(k.2.9.11 

6.3.2. 3 

ft. 6, 9.1ft 

3.R.2.2 
5 .6.6 .9 
1*11.2 
3.11.1 
6.2.3. 1* 
ft. ft. ft. 2ft 
ft. ft. ft. 9 

3.7.  ft 
ft.  ft. 3.  3 

3. ft 
3. 2,2.1 
3. ft 
3.2.2. ft 


FLOW  CAPACITY.  DEFINITION 


FLOW  COEFFICIENT. CV 
FLOW  COEFFICIENT 

CORRECTION  FACTORS  *0R  VAPORS 

definition 

EFFFCT  OF  CONDITIONS  OF  HOW-TO  CPFN  OR  CLOSE 
EFFECT  OF  END  CONNECTIONS 
EFFFC'i  OF  PRESSURE  DROP 

FOR  CALCULATING  VALVING  UNIT  FLOW  AND  PRESSURE 
FOR  FLASHING  LIQUIDS 
GASE  > 


3.R.1 

TAB  3.R.4.7B 

3  A. ft. ? 

)  .  ft  .  ft  .  ? 
3. ft. ft.? 
3. 8. 6.? 
ft. 2.7.1 
3. *3 
3. 8. ft.? 


FLUID  INTERFACES 

ELECTRICAL-1 O-FLU 1 OlC  INTFRFaCFS 
FLUIOIC-tp-ELECTRICAL  TRANSDUCERS 
FL' '  IDIC-TO-Nf CHAN ICAL  TRANSDUCERS 
McCHANICAL-TO-FLUIDIC  TRANSDUCERS 

FLUID  POWCR  .YSTFMS 

FLUID  SFi  SORS 

H I GM- * VPE DANC F  PRESSURE  SENSOR 
temperature  SENSORS 
VORTEX  rate  sensor 

FLUID  SYSTEMS 

FLUIOIC  DEVICES 

BASIC  DEVICE  PHENOMENA 
ftFAM  DFFLECTION  AMPLIFIER 
BOUNDARY  LAYLA  AMPLIFIER 
DPUftlE-LEG  CLBO~  AMP. IFIFR 
CDGFTPNC  AMPLIFIER 

flow  interaction  NOR  amplifier 

FOCIISFC  JET  At  PL  IFiER 

IMPACT  MODULATOR 

IMPACT  MODULATOR  NOR  AMPLTFlfR 

INDUCTION  AMPLIF IER 

JftT  INTERACTION 

LOGICAL  NOR  AMPLIF  IFRS 

MOVING  PART  DEVICES 

wrVING  PAAT  LOGIC 

NONVENT ED  VORTEX  AMPLIFIER 

OSCILLATORS 

POWFR  INTERFACES 

PRESSURE  CONTROLLED  OSCILLATOR 

RELAXATION  OSCILLATOR 

SPECIAL  DEVICES 

SURFACE  INTERACTION 

TUNING  FORK  FLUIDIC  OSCILLATOR 

TURBULENCE  AMPLIFIER 

TURBULENCE  AMPLIFIER  OSCILLATOR 

TWO-DIMENSIONAL  l  AM  I NAR  NOR  AMPLIFIER 

VENTFO  VORTFX  AMPL  I  e  1  FP. 

VOPTFX  DEVICFS 
*  VORTFX  rLOW 

WAIL  ATTACHMENT  AMPl|ft|fRS 
WALi  ATTACHMENT  OSCILLATORS 


l.R.ft.t 
1. ft. 2. ft 
l.R.t.l 

l.R.ft. 2 
TAR  l.A.ft.tf 
1.  A,  ft.  2 
▼.R.ft.2 

l.R.ft. 3 

ft.B.7.2 

7*4. 

ft. 2 

ft. ft. 7.? 

ft.ft.12 

ft.ft.lft 

T.ft.l 

HR.l 

ft. 17. R 

ft,  17 
TAft  ft. It, 3 
ft.  1  7,6,4 
ft. IT. ft 
ft. 17. ft  > 
ft. IT,  3. ? 

ft.l 7. ft 
ft. 17,4.) 
ft. IT, ft.? 
ft. 1 7. ft. ft 
ft. 17. ft. ft 
ft.l7.S,3 
ft.l  7,'».? 
ft  •  l  7  .  ft 


10. ft.? 

10, ft. J 

T  .  ?  •  ?  •  I 

?.? 

).?.?.? 

4.  ft, ft 
ft.?.?.? 
3. ft. 4 
3.3.4 

3.  ft 

4,10 

FIG  3.3.4A 
ft  ,  B  *  ?  •  ? 

lft. ft 
1  ft  .  4  •  1 
1  ft,  ft .  ? 
lft. ft. 4 
lft. ft.  4 

4. ? 

1  ft.ft 
•  Ift.ft.l 
1  ft.  ft.  ? 

’  ft  •  ft  .  'ft 


4.0 

lft. 4 

1  ft .  «*  • ; 

16.4.  ft 
1  ft,  4  .  ft.  | 
lft.  4.6.? 

16.4.6.4 
lft. 4. 9. 2 

16. 4.  ft. ft 

16. 4.  ft. ft 

16.4.3.4 
lft. ''.ft, 3 
1  ft. 4 ,  l«  1 

t  6 . 4  •  ft 
Ift.^.H 

16. 4.  (4,  1 

46.6.4. ? 
lft.  4.  ? 

1  ft. 4. R. ? 
lft. 4. 7. 3 
lft. 4. 7.? 

lft. 4. 6 
lft. 4.  |  ? 

1ft. 4. V. ft 
lft. 4. ft.l 
16.4.7 
1  6.  4.  *>  ft 

16.4.4.  ft 
16.4,4 

1  6 . 4  .  ; ,  ft 

16.4. ? 

lft. 4. 7.1 
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FLUIDIC  OPERATIONAL  AMPLIFIERS  INDEX 

TO  GYROSCOPIC  FLOWMETERS 


FLDIOIC  OPEBAMtYAL  AMPLIFIERS 
PLAI  AESPHNSP  AMPl|P|ER 
INTM.PAf  ION 
LA(i-LF*n 
LF  AO-l  AT, 

NflTCM 

REVIEW  Of  OPERATIONAl  AMPLIFIER  TFf.HNlOUES 
SINK*  '.AT. 

Hoirtir.  standards  and  i  erm  i nolugy 

Pill  ini';  ^  t  RNDARDS 

terminology 

KlMMC  SYMAOLS  AND  UNITS 
GRAPHICAL  SYMBOLS 
UNITS,  OMFNMONS,  AND  SYMBOLS 

FillCTMC  *  VS  TFM  APPLICATION 
ANALYTICAL  TFCHN|OL*S 
C.ONTA  MNAMON 
PLUtDiC  DEVICE  PROBLEMS 
LEAKAGE 

OPE  A  AT  INC,  L  IFF 
OPERATING  PRESSURE 
OPERATING  TEMPf RAfURE 
OPE A A  T  tONAl  PROBLEMS 
PERFORMANCE  WITH  VARIOUS  FLUIDS 

POWER  REQUIREMENTS 
PROBLEMS  AND  LIMITATIONS 
RFSPONSF  T I MF 

sff  also  typical  applications  for  fluidics 

SIGNAL-fO-NOISF  RATIO 
SPACE  fcNV  I RONNFNT  S 
SPACE  MA  ,NT  ENANv.F 

STr-RU  i/ation 

SYSTEM  APPLICATION  criteria 
system  design 

f  LIlIRlC.S 

AOVANfAC.FS  ANO  L  |MITAT  IONS  OF  EU'IOICS 
AOVCN T  Ol‘  FLUIDIC  TlfMNOtOEV 
BASIS  FOR  FLUIDICS 
TMF  ROLE  OF  FLUIDICS 

FLUOR  INF 

COMPATIRIL  I  TV  OF' 

FLUOROSIL  ICnNF  'lASTOMf* 

PROBE  A  T  |  F  S  OF 

F  L  U  T  F 11  VALVES 

Fum 

MEASUREMENT 
RADI  AT  |I1N 

FOACF 

ACCFLFR/.  T  ION 

BUOYANT 

OUR  |NC.  A  S  t.  F  N  T 

OUR  INC.  At -f  NT  AY 

OUR  INC,  SPACF  FIICmT 

F  At  R  T  i  i*  ?SV  Ft*l  1  > 

FPNC»  K.f  A SURE ME NT 
FA  |CT ION 
GA  A  V  I  T  AT  JONAL 
VISCOUS  DAMPING 

FORCE  BALANCING 

f  ACf'  CONVECTION 
OFF ,N I T ION 
METHODS  TO  INCREASE 


I6.B.6 

16.R.*.? 

FRICTION,  BEARING 

6«f .9,2 

1  A. B.9. 3 
16.B.9.A 

P RHODE  NUMBER 

TAB  3.19,4 

1 6, A • 6  «  9 

FUMING  NITRIC  ACID 

16.8.9.7 

COMPATIBILITY  OE 

12.9.10 

16.8. i. 1 

RED 

12,2.1.7 

16. A. 6. A 

WHITF 

U.2. l.G 

16.2 

FUNGUS 

U*>.5 

16.2.1 

16.2.2 

AS  SOURCE  OF  CORROSION 

13*7.16 

16.3 

FUNGUS  TF AT 

19.7.7 

16.3.2 

16.3.1 

FUSION  SEAL  VALVE 

GAIN 

9.2.20.4 

16.  t 

FLOW 

9.6.4*12 

16.7.1 .2 

PRESSURE 

9,6.4.13 

16.7.2. *0 
16.7.1.3 

VALVE 

9.3.2. 6 

16.7.2.7 

16.7.2.6 

GALLING  (SEE  WEAR) 

16.7.2.3 

16.7.2.2 

GALVAN *C  COUPLES 

13.7.3.3 

16.7.1.1 

16.7.2.1 

GALVANIC  SERIES 

TAB  13,7.3. IB 

16.7.2.6 

GAMMA  RAYS 

13.6.3.1 

16.7.1 

16.7.2.6 

PENETRATING  POWER 

TAB  13.6. 9r?A 

16.7.3 

GAS 

16. 7.2. A 

compressibility 

3.3.7 

16.7.2.12 

COMPRESSIBILITY  FACTORS 

3.3.10,2 

16.7.2.1 1 

DEFINITION 

3.2. 2.1 

10.7.2.9 

EXPANSION  FACTORS 

FIC  3.6. 2. 3 

16.7,2 

FLOW 

3.8.2 .3 

16.7.1.6 

NBS  Flow  factor 

3.8.4. 3 

PERFECT 

3.3.8 

PERFECT  0»a$  REGION 

3.3.4 

16.1.2 

REAL 

3.3.10 

16.1.* 

16.1.3 

AFLATIVE  LEAK  RATES 

TAB  3.21.2 

16.1,1 

GAS  CONSTANT 

3.3.8 

12.2.2.1 

12.9.6 

GAS  INJECTION  THRUST  VECTOR  CONTROL 

4.9.3 

12.3.1.9 

GAS  LUBRICATION 

6 .8 • 2 .2 

TAB  12.3.1 

GASES 

PROPERTIES  Gr 

12.2,': 

*.3.9.2 

USE  AS  LUBRICANTS 

6.0,2. 2 

13.6.3.6 

GASKETS 

9.12,4.9 

13.6.3. » 

SEE  GLOSSARY  5.18 

GATE  VALVES 

5.2.7 

FO  7.3.6A 

EQUIVALENT  length  pufc  diameters  (l/0) 

TAB  3, 7.5,1 

3.4.3 

FLOW  COEFFICIENT,  CV 

FIG  3.8.4.2C 

13.3.2.1 

FLOW  COEFFICIENT, CV 

TAB  3.8.4.2C 

13.9.2.3 

13.3.2.2 

RESISTANCE  COEFFICIENT 

TAB  3.9.9. 2 

3.16 

GATE  ALVING  UNITS 

16.0,6 

EO  7.3.6D 

SEiT  INSTALLATION 

FIG  6.2.3.4C 

3.2. 1. 3 

GLANDS 

6.4. 4, 3, 6. 4. 3.1 

EO  7.3.4C 

COAT INGS 

6.4.3. 1 

.DESIGN  of 

6.4.4. 3,6.4. 3. 1 

9.2.6. 2 

DYNAMIC  SEALS 

6. 4. 4, 3, 6. 4. 3.1 

HARDNESS 

6.4. 4.J ,6.4, 3,1 

2.2 

SURFACE  FINISH 

P.6.4.3, C.4. 3.1 

2.3. 1.2 

GLASS  TRANSITION  TEMPERATURES 

TAB  13.9.2.1 

FORMFD  RF  L  LONS 


6.6. 3.1  GLOBE  BODY,  DEFINITION 


5*2.5. I 


FOR ' RAN 


A. 3.1 


.? 


SEE  GLOSSARY  5. IS 


FO.iR-WAY  VAIVFS 

SEE  multiple  passage  valves 

four  IFRS  FOMATIIVJ 

FRFtZ  I  JG  POINT 

OP  VARIOUS  FLUIDS 


5. 9. 3. 3  GLOBE  VALVES 

GLOBE  VALVES 

EOUIVALENT  LENGTH  IN  PIPE  DIAMETERS  (l/O) 
2.2.  w  l  HON  COEFFICIENT*  CV 

FLOW  COEFF  1C IENT ,CV 

FOR  VALVING  UNIT  SEE  POPPET  VALVING  UNITS 
U.2  RESISTANCE  COEFFICIENT 


BR-MtFNCY  response 

-RFoUfNf.v  RESPONSE  METHOD 
sFMVOv ALVES 


7.2.3.? 


TAB  7.4. 5. 2 
9.6.4. H 


•MICTION 

COPFFICJFN1S  FOR  VARIOUS  MATERIAL  COMBINATIONS  12./ 

DYNAMIC  SEALS  6. A, 3. I 
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